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PREFACE

The work reported here was performed in the Electro-Optics

Department of the Infrared and Optics Division, of the Environmental

Research Institute of Michigan (ERIM). This work was sponsored by the

U. S. Army Research office under Contract DAAG29-81-K-0129.

The report covered work performed between June 10, 1981 and

November 9, 1985. The contract monitor was Dr. B. D. Guenther of the

Army Research Office. The principal investigators were Anthony Tai and

A. A. Friesem. Major contributors to this effort were Anthony Tai, A.

A. Friesem, Jack Cederquist, Y. Silberberg, and Perry Perrault.
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I. INTRODUCTION

Optical communication through optical fibers potentially offers

higher bandwidth and lower susceptibility to RF interference.I.- Conventional image transmission techniques however, do not fully takeI

advantage of these capabilities. Typically, image transmission is

accomplished by first converting a two-dimensional spatial image into a

one-dimensional temporal signal with an imaging detector. The temporal

signal is then sent through the fiber by modulating the intensity of a

light source such as a LED or laser diode. The system basically

transmit one pixel at a time; the transmission speed is therefore

limited by the scan rate of the imaging detector and the modulation

bandwidth of the light source. Moreover, even though the intensity

transmittance of an optical fiber is insensitive to external EM fields

and radiation, the imaging detector is very susceptible to interference

and radiation damage.

The system transmission speed and immunity to interference can be

greatly improved if the optical image can be directly transmitted

through an optical fiber without the optical-to-electrical signal

conversion step. This can be done using a coherent fiber bundle or a

Selfoc fiber. The transmission distances that can be practically

achieved however, are restricted to a few meters for the fiber bundles

and a few centimeters for selfoc fibers. We examined some new

approaches for the transmission of two-dimensional images through a

single optical fiber. They include the use of phase conjugation,

matched filtering, axial-angle multiplexing, wavelength multiplexing and

various combinations of the approaches. In this report, the basic

approaches are described and possible system implementations are

presented. The relative merits of the image transmission techriques are

analysed and their usefulness in real world applications are discussed.

The main body of the report provides a summary of the results while

detailed discussions of the work are given in the appendices. A

demonstration system utilizing wavelength-time multiplexing was also

- . .. .- '~.. . . . . .
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constructed and delivered to the U. S. Army Research Office. The

documentation for the demonstration system is provided separately.

2. STATEMENT OF PROBLEM

When a two-dimensional image is projected onto one end of a single

strand of multi-mode optical fiber, a scrambled image emerges from the

other end. Consider a monochromatic picture field at the input face of

the fiber E(x,y,z=O). The input field excites a multiplicity of modes

m(X,y) that propagate through a fiber, each having a complex amplitude

of Am. The field at the input end of the optical fiber can be written as

E(x,y,z-0) E A m (x,y).

Each of these guided mode propagates through the fiber at a phase

velocity of w/B. At a distance L at the other end of the fiber we

have

E(x,y,z=L) z - A m (x,y) eZ.',
ZM km ZM%

The phases of the different modes are mismatched due to the different

phase velocities and the results is a scrambled output. An example is

shown in Figure 1.

3. PHASE CONJUGATION

For an input E(x,y,z=O), we obtain at the other end of the fiber

E(x,y,z=L). Thus, if we create a conjugate input field of E*(x,y,z=L),

and let it propagates back through an identical fiber, we obtain at the

output, E*(x,y,z=O). That is,2

ei ' L %

E A 0 E-A o-M tm Qm zn 9'M M

* mL *
Z.m zmm m
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Figure 1. The Smearing Problem~

(a) Image at input face of fiber.

(b) Smeared output.
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Since JE(xy,z=O)1 2  IE*(x,y,z=O)1 2 , we have the desired undistorted
image at the output of the fiber. The conjugate field can be generated ,,-,

holographically as illustrated in Figure 2. A separate hologram must be

constructed for each image to be transmitted. It is therefore not a
very practical approach. Alternatively, a real time conjugate field can

be generated with the four-wave mixing technique using a nonlinear

optical material such as BSO crystal. One possible arrangement is shown --

in Figure 3(a). This arrangement however, is also impractical since the

input and output images are located at the same side of the optical

fiber and the intent is to transmit an image from one end to the other.
One solution may be to split the full length of the fiber into two

identical halves as illustrated in Figure 3(b). The conjugate field is

created after propagating through one half of the total length of the

fiber and then launched into the second half of the fiber. If the two

halves of the fiber are identical, an undistorted image will emerge from

the second fiber. Unfortunately, no two fibers are truely identical due

to microscopic differences within the fiber. For a fiber of usable
length, the phase velocities in the two halves will exhibit enough

mismatches that the output image will remain scrambled.

Since no two fibers are alike, the conjugation filter must be

constructed for a specific fiber. We also want the same filter to work

with any input image instead of with a specific image as the holographic
technique described earlier. This can be achieved by creating an

incoherent set of conjugate (matched) filters for each input pixel.

Each input pixel will generate an input field at one end of the fiber
En (x,y,z=O) where upon reaching the other end becomes En (x,y,z=L). A

composite filter comprising of conjugate filters E *(x,y,z=L) decodes .n
the scrambled field due to each input pixel individually to reconstruct

the image. The composite filters can be constructed holographically as

shown in Figure 4. The filters are summed together incoherently and it

can be described by, r

4
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Non-linear L

Pump Optical
Beam Material

Optical
Fiber

Figure 3(b) Image transmission through 4 .4
two sections of an optical\
fiber by Four-Wave Mlixing Otu
Techni que.

6



LRIM

INPUT SIGNAL

/ ODEMAGNIFYING IMAGING SYSTEM

COHERENT

ILLUMINATION-

SINGLE, MULTiMODE FIBER

PHOTOGRAPHIC

FUIRTRANSFORM LENS

NN

Figure 4. Optical Arrangement for Recording a Holographic Filter
and for Transmitting Pictures through a Single Fiber

7-

77



'E(RIM

: En(X,y,z=L) + Rn 12  
":

E 12 Z R12 +z R,* E (x~y~z=L)

+ Z R E (x,y,z=L)
n nfn

where the reference beams R are plane waves illuminating the
n

holographic plate at angles determined by the corresponding image pixel.

Beside the desired conjugate terms,

R E (x,y,z-L)n nfn

we also have many other terms, particularly the bias terms, that are

being recorded. Since holographic recording materials possess limited

dynamic range, the bias terms severely restrict the number of filters &.

that can be incoherently summed together without the system SNR being -

reduced to an unacceptable level. Thus, the space-bandwidth product of

the image that can be transmitted is limited. There are also other

drawbacks. Even though it can be used for the transmission of any

image, the composite filter can only be used with the particular fiber

with which it is constructed. Moreover, the transmission

characteristics of an optical fiber are very sensitive to environmental

or mechanical changes. Even minute changes in the fiber temperature or F

the way it is bent can significantly alter the mode structures and phase

velocities of the fiber. The use of phase conjugation for image

transmission through a single fiber is therefore not a practical

approach except for short lengths of large rigid fibers which are more

resistance to changes. Technical details on the use of phase

conjugation techniques for image transmission can be found in the paper

attached as Appendix A.

* 
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4. WAVELENGTH MULTIPLEXING

To utilize more fully the channel capacity of optical fibers,

wavelength encoding has been suggested as a means of transmitting images
2-9

through a single fiber. Implementing wavelength encoding-decoding is

relatively simple for I-D images. One may disperse the light emitted

from a white-light point source into a line with a grating or a prism,

projecting a different wavelength on each pixel of the object to encode

the I-D image. A second grating or prism is used to recombine the

dispersed light, which is then coupled into the fiber. At the receiving

end of the fiber, the transmitted light is dispersed again by a third

grating, recreating the wavelength-encoded input image. Such a system

utilizes the light energy efficiently, and there is no additional light

loss beside the usual absorption, reflection, and coupling losses.

Extending the wavelength-encoding concept to two dimensions while

maintaining high efficiency is a difficult problem. In addition, using

wavelength alone to encode 2-D images will severely restrict the

space-bandwidth product of the images that can be transmitted. One may

compromise by transmitting only one dimension in parallel. The most

straightforward implementation is to utilize the 1-D system described

earlier and simply translate the input object across the input plane.6'7

Such an approach is simple but slow, negating the main advantage offered

by parallel transmission. Moreover, it is often impossible to translate

the object to be imaged. We have developed a much more efficient system

approach for the high-speed transmission of 2-D images by wavelength-8,9
time multiplexing.

To transmit two-dimensional images efficiently and at high speed, a

system as illustrated in Figure 5 may be employed. At the transmitting

end, a blazed reflection grating is mounted on a scanner which disperses

the collimated white light in the x direction while the scanning action

scans the dispersed light line across the input object along the y

direction. All the elements are placed one focal length apart so that

9
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Figure 5 Image Transmission by wavelength-Time Multiplexing.
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the reflected light retraces its path and forms a stationary spot (the

image of the point source) at the input of the fiber regardless of the

position of the scanner. The same grating thus performs the dispersion

and scanning of the illuminating beam and the compression of the

reflected light back to a single spot to be coupled into the fiber.

This optical system can therefore achieve the same high efficiency as

the simpler 1-Dimensional system.

To transmit the image of a distant object, it is not possible to

synchronize the scanning motors by direct electrical hookup. One

possible approach that can be employed to synchronize the scanning

motors is to place a small mirror at the object plane. The mirror will

reflect strongly, creating a reference that can be used for

synchronizing the scanners. The strong return may be used as a trigger

for the scanner at the output, or it may be used as a point reference

for adjusting the scanner frequency and phase.

A much better approach, however, is to create a self-referencing

optical signal that can be used for the synchronization of the scanners.

A novel method of generating such a signal is to utilize the

second-order diffraction of the encoding grating. By launching the

wideband input beam onto the grating at an oblique angle and choosing an

appropriate grating geometry, the second-order diffraction can be made
to propagate directly back toward the source as illustrated in Figure 5.

This creates a color dispersed line that is scanned across the fiber as

the grating rotates and produces a single bright spot at the decoded

output. The location of the reference spot can be adjusted by changing
the geometry of the optics. A color is chosen for the reference light

spot so that it appears at the edge of the image field. Since the image r

is color-encoded, this will allow the reference spot and the target

image to be separated using a spectral filter. In our experiment, an

interference filter was used as a beam splitter which transmitted the

color of the reference spot and reflected all other wavelengths. The

reference signal was detected by a photodiode, and the output pulses

.... , . ............ " . .. ..... ..', ....... ". .. _. ... _. . ... _._._ _,- :....-.,...
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were used to trigger a signal generator which in turn was used to drive

the scanner. We emphasize that, using this technique, the image
transmission and synchronization were performed by optical means with

only a single optical fiber connecting the transmitting and receiving - L

ends.

In Appendix C, other possible arrangements are also presented to

allow the illuminating light source to be located at the receiving end

and to image self-emissive and passively illuminated objects. In

addition, design considerations and trade-offs on system parameters such

as efficiency, space-bandwidth product and transmittlon speed are

discussed.

Wavelength multiplexing is probably the most powerful and practical

approach for parallel image transmission through a single fiber. If

sufficient light power is available, thousands of pixel can be

transmitted simultaneously. Even though it is possible to encode a

two-dimensional image by wavelengths, the space-bandwidth product of the

image that can be transmitted instantaneously is too small to be useful

(e.g., 2048 pixels correspond only to a 45x45 image). Restricting the

wavelength encoding to a single dimension permit images with large

space-bandwidth products to be transmitted. Since one full line of

image data consisting of up to thousands of pixels can be transmitted in

parallel, the effective data transmission rate is very high. Wavelength

multiplexing can also be combined with angle multiplexing to achieve

parallel transmission of two-dimensional inputs as will be discussed in

the following section.

The encoding of a spatial image by wavelengths has one obvious
IF short coming. It can not be used to transmit images of multi-color

objects unless an image conversion is performed using a spatial light

modulator as described in Appendix C.

12
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5. AXIAL-ANGLE MULTIPLEXING

The underlying principle for transmitting the angular coordinate by

multiplexing is based on the fact that the angle between the propagation

direction of a ray of light and the symmetry axis of a step-index fiber

is kept unchanged as the ray bounces from the core-clad interface. As4.

proof, consider a ray propagating in the direction k = (k ,k ,k). The

axial angle a is given by cos e = kz/ k The magnitude of the vector k

is obviously unchanged by reflection, and we want to show that the same

is true for kz. Now, the relation between the propagation constant of
+

an emerging beam, k(out), and that of an incoming beam k(in), due to

reflection from a certain plane is given by a reflection matrix [R] as
((out) : [R]k(in). Describing the plane by a unit vector n = (nxnynz)

perpendicular to the plane, it is known [10] that

I 2n x2 -2 x "-n"
1R -2n 2nxny; -2nxn

x x yz[R]: -2nxny; 1 -2 yL 2nynz ..t

-2nxnz; -
2nynz; 1 - 2nz 2

yielding for nz = 0

2.
I-2,n x ; 2n xn y;0

[R ]f =  -2nn; - 2n 0
[R~f xy y

IF0; 0; 1

All the reflections inside the fiber are described by matrices of the

type [R]f for which nz = 0. Clearly, with such matrices,k (out) =

k z(in).

13
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The azimuthal angle, on the other hand, is not preserved. In fact,

when a plane wave excites all rays with a given angular (and axial)

direction of propagation, the light rays emerging from the fiber will

make a conical shell having a uniform density around the cone. As a

result of these two effects-axial angle preservation and density

uniformity in the azimuthal angle-the light pattern on a screen, some

distance away from the output end, is a narrow, uniform ring as shown in

Figure 6. A more detailed discussion of the far field output pattern

due to a oblique plane-wave excitated is given in Appendix A.

To efficiently decode the output, each cones of light emerging from

the fiber must be collected and compressed back to a single image pixel

at the appropriate position. This can be achieved using a computer

generated hologram (CGH)that transforms rings to points with the radius

of the ring corresponding to the position of the point along a line as

illustrated in Figure 7. The design and fabrication of such a CGH is

described in Appendix D.

6. ANGLE WAVELENGTH MULTIPLEXING

Since the output is circularly symmetric along the optical axis of

the fiber, axial-angle multiplexing can only be used to transmit

one-dimensional images. Angle-time multiplexing can be used to transmit

two-dimensional images employing a scanning techniques similar to that

presented for wavelength-time multiplexing. Alternatively, angle

multiplexing can be combined with wavelength multiplexing to achieve

instantaneous parallel transmission of two-dimensional images. The

output decoding can be performed with the same rings-to-line hologram

described earlier but with a large spatial carrier offset added. -

Devices used to write CGH is limited in resolution and the carrier

spatial frequency that can be generated is therefore quite small. To

decode a wavelength multiplexed signal requires a highly dispersive

element. A rings-to-line hologram with a large spatial carrier can be

obtained by copying the CGH holographically onto a second holographic

14
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TRANSFORMED
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Figure 7. Computer Generated Hologram that Transforms Rings to Points

along a Line with the Radius of the Ring corresponding to the
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plate with a large reference beam angle as shown in Figure 8. A

possible communication system utilizing angle-wavelength multiplexing is

given in Figure 9. The input is multiplexed by axial angle in the x

direction and by wavelength in the y direction. The hologram at the

output takes light from rings of different radii and forms a line along

the x direction while the spatial carrier disperses the light in the y

direction. As explained in Appendix A, the number of discrete pixels

that can be transmitted via angle multiplexing decreases rapidly with

transmission length. Except for very short data links (a few meters),

the small number of pixels that can be encoded by axial angle is too

limited for the transmission of images. However, angle-multiplexing can be

very useful for multiplexing conventional optical communication

channels. Ten pixels along one dimension may be useless for image

encoding but a ten folds increase in communication channel is a

substantial improvement. Wavelength multiplexing is commonly used to

transmit multiple parallel channels through a single fiber. However,

the range of emission wavelengths that can be obtained from laser diodes

is limited and the emission wavelength is hard to control. The number

of wavelength-multiplexed channels is therefore restricted. The

combination of angle and wavelength multiplexing makes it possible to

increase the number of multiplexed channels by many folds without having

to pack the channels closer together in wavelengths.

7. Summary

We have examined several new approaches for image transmission

through a single optical fiber including phase conjugation, wavelength

and axial-angle multiplexing. Their performance characteristics and

viabilities are analysed and specific system implementations of the

approaches are presented.

Phase conjugation does not require any encoding of the input and it -

is therefore the desired approach for applications where there are no

room for encoding optics (i.e. observing events in a small inaccessable

17
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space). However, the transmission length that can be used is very

limited and only large rigid fibers can be used. Angle-multiplexing

suffers similar drawbacks but to a much lesser extent. The number of

pixels that can be transmitted via axial-angle multiplexing decreases

with transmission length and the space-bandwidth product may be too

small to be useful for image transmission. However, the approach may be

useful in conventional optical communication systems where several folds

increase in the number of parallel optical channels would represent a

significant improvement. Wavelength multiplexing remains the most

powerful and practical approach for parallel transmission of image data.

We have presented an efficient system implementation employing -

wavelength-time multiplexing for the transmission of two-dimensional --

images with large space-bandwidth products through a single optical

fiber. The system performance is quite insensitive to the transmission

length except for the normal attenuation and power budget

considerations. The main draw back of this approach is that images of

multi-color objects cannot be transmitted without a signal conversion

step.

The proposed techniques for image transmission through a single

optical fiber are expected to be useful in the following applications:

1) Real time remote observation of rapidly changing or short-lived

events 2) Remote observation in a hostile environment where an active

device such as an imaging detector cannot survive 3) Transmission of

images with large space-bandwidth product at high speed.

r
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Parallel Transmission of Images Through
Single Optical Fibers

A. A. FRIESEM, SENIOR MEMBER. IEEE, URI LEVY, MEMBER, IEEE, AND YARON SILBERBERG., .

Abstract-The characteristics and limits of parallel transmission of one resolution element of the image from one end to the
two-dimensional imagery through single optical fibers are reviewed, and other. Although simple and reliable, this method could not be
methods for overcoming the inherent smearing that occurs at the out- practically implemented until the technology for fabricating
put are discussed. These solutions include: a) control of the fiber's
refractive index prorde; b) incorporation of complex filters; and c) ea- low-loss ordered bundles of many fibers was developed by

coding the information at the input and decoding the output after N. S. Kapany and H. H. Hopkins 131, and more recently by
transmission. W. P. Siegmund 141. At present, high-quality "fiberscopes,"

as these bundles are sometimes called, are routinely exploited
for medical diagnosis and other imaging applications. However,

1. INTRODUCTION the production of such bundles containing a large number of
WWT'IDESPREAD INTEREST in fiber optics was probably properly arranged fibers is relatively difficult, and they are

first stimulated by K. C. Kao and G. A. Hockham in limited to lengths of less than 5 m.
. • 1966 I1, who predicted that in optical fibers drawn A potentially more promising approach for parallel image

from pure fused silica glass losses could be less than 20 dB/km. transmission through long fibers is to exploit the large infor-
This prediction triggered an explosive growth in the high- mation carrying capacity of single multimode fibers. Indeed,
quality fibers and related electrooptical components. Although it is reasonable to assume that the number of resolution
the main emphasis has been on incorporating these two ele- elements or channels that can be simultaneously transmitted
ments for communication systems, other optical fiber applica- is proportional to the number of modes that are supported by
tions have flourished as well. One such application is parallel the fiber guide. Unfortunately, when an image is transmitted
image transmissions through fibers, directly by a single optical fiber, the output is invariably

The most common method for parallel imaging by fibers was smeared, as illustrated in Fig. I. This smearing occurs because
proposed over fifty years ago 121. It involves an ordered there is no one-to-one correspondence between input and out-

*bundle of fibers in which each individual fiber transmits only put points as is required for imaging. For example, two rays
emanating from a single point of light at the input face can

Manuscript received July I, 1982: revised Octoher 21. 1982. This propagate through the fiber to reach two different points at
work was supported in part under Grants from the United States the output face. Alternatively, inverting the roles of input and
Army Research Office and the Israel National Council for Research and
Development. Part of this work was performed under the auspices of output faces (analogous to time reversal), it is also possible
the Environmental Research Institute of Michigan. that rays from two different input points may coincide to

A. A. Friesem and Y. Silberberg are with the Weizmann Institute of form one output point. Some sophisticated optical fibers
Science. Rehovot, Israel. - ..e

U. Levy is with Bell Laboratories. Murray Hill, NJ 07974. having either a graded or more complex refractive index pro-

0018-9219/83/0200-0208$01.00 C 1983 IEEE "
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index variations is usually made in the case of a fiber with
parabolic refractive index cross section, and each component
of the field has to satisfy the Helmholtz equation. Again, a
finite set of functions (guided modes) provide a solution to
the field equation, subject to the condition that they vanish
far away from the center. The normal modes are orthogonal
to each other and form a complete set. The completeness
is very important in the present context because it means that %
any input field can be expressed as a linear combination of

(a) (b)the normal modes.Fig. 1. The smearing problem. (a) Image at input face of fiber. (b) tonsidera mon o cfi a n a
smeared output. Consider a monochromatic picture field at the input face 7vN

of the fiber E(x.y, z = 0). This field excites a multiplicity of
file do have imaging capabilities, but, as we shall subsequently modes that can propagate through the fiber, 01m(x, y), each
show, their imaging lengths are rather limited, having a strength and phase given by the complex coefficient

In this paper we explore a number of techniques for over- Alm
coming the smearing problem, so as to allow direct image Ex, v.z = 0) lm Aimim(X. y). (2)
transfer through a single fiber. These will include: a) control i~m
of the fiber's geometry and refractive index profile: b) incor-
poration of complex filters to compensate for the smearing; Of course, a continuum of radiative modes are also excited,
and c) encoding the information at the input by means of but we assume that they carry only a small fraction of the

total energy in the picture field and, therefore, neglect them in - -
either angular or wavelength or time multiplexing. or 2.

some combination of these, and decoding the output after (2). Each of the guided modes propagates with a certain phase
transmission. velocity 'O/t,.. and at a distance L from the fiber the field

becomes

11. BASIC RELATIONS E(x.y. = Li = A 0im (mX, r) ei
lmL (3)

In this section, we shall consider the imaging properties of
optical fibers in terms of the modes that propagate through Equation (3) provides an explicit formulation of the imaging
them. We begin with Maxwell's wave equations, which can be problem, it is the difference in phase velocity of the guided
simplified for cylindrically symmetric waveguides by assuming modes that causes the smear of the picture after propagating
that all six components of the field have the same distance and a certain distance through the fiber.
time dependence of the form exp fi(oz - wt)j : where z is a In It')7. (Gover. Lee. and Yariv 161 explored the theoretical
coordinate parallel to the axis of symmetry, w is the angular aspects of the problem and suggested a straightforward solu-
frequency of the sinusoidally varying fields, and 0 is the propa- tion. First, perform a "segregation transformation" on the field
gation constant. This simplification leads to Helmholtz equa- at the output so that each mode is spatially separated from all
tion of the form [51 others. Next, introduce a phase compensation in which each

I1, m) mode is multiplied by a phase factor exp I -iotmLI, and
V'EZ + [kn 2 - 3 1 E, = 0 finally perform the inverse segregation transformation to

V'H. + [kon2 - 02! H2 = 01 obtain a replica of the input field. They correctly stated that
their solution relies on the existence of the segregation trans-

where Vt is a Laplacian in the transverse coordinates, Ez and formation. Unfortunately, such segregation is extremely
H, are the longitudinal components of the electric and mag- difficult, if at all possible, with conventional waveguides.
netic fields, respectively, ko is the free space propagation Moreover, even if separation of the modes were possible, it is
constant. and n is the refractive index which is assumed unlikely that a compensation filter, which would be designed
constant. for an ideal fiber, could perform adequately for real (non-

For the special case of a circular step-index fiber, ( I ), given ideal) fibers.
in cylindrical coordinates, becomes the well-known differential As a different solution to the smearing problem, we could
equations for Bessel functions, and the propagation constants conceive that a set of propagation constants {01m} exists such
are determined by the continuity conditions imposed on the that, at a certain distance L t , the relation
fields at the core-clad boundary. The solution associated with
a given value of the propagation constant is usually referred 0imL! = integer' 2i" + constant (4)
to as a normal mode. There are a finite number of guided is satisfied. Then, at this distance, the phase factors exp itom
modes associated with a finite, discrete set of propagation L11 in (3) do not differ from each other yielding an output
constants in the range kon2 < 0 (guided modes) < kon1 , which is essentially a replica of the input picture field. The
where n, and n2 are the refractive indices of the core and simplest distribution of the propagation constants that fulfills
clad, respectively. There is also a continuum of radiative (4) is such that they are equally spaced. Suppose, for example,
modes with propagation constants in the range 0 < 0 (radia- that the propagation constants depend on only one (integer)
ting modes) < kon 2 . quantum number q and are spaced according to # =0 - q .

If the dielectric constant of the waveguide varies slowly then at distances L. = ( 2ir/t), s = 1, 2.-'', (4) is satisfied
compared to the wavelength, the solutions to ( I ) represent namely, images are obtained periodically along the fiber wave-
good approximations to the solutions of the more complete guide with a period of 27r/Q. In the following section, we shall
equation which contains a term that involves the gradient consider optical guides that have the desired distribution of
of the dielectric constant. The assumption of small refractive propagation constants.
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Ill. FIBERS WITH CONTROLLED GEOMETRY AND focusing becomes evident by juxtaposing (5) and (7). In (5),
INDEX PROFILE the spacing between the propagation constants depends

There are two classes of fiber waveguides in which modes heavily on the wavelength of light, whereas in (7) the de- 4
propagate with constants that are approximately equally pendence of the spacing, ci, on wavelength is negligible.

spaced. The first is a class of polygonal waveguides and the Consequently, self-imaging occurs in different planes for

second is a class of graded index fibers. Traditionally, the different wavelengths, while for self-focusing the picture

imaging properties of the two classes are known as self-imaging fields at all wavelengths are essentially focused at the same

and self-focusing, respectively, plane. Thus self-imaging applies to monochromatic fields
only, whereas self-focusing applies to polychromatic fields.

.4. Self-Imaging The fact that the hyperbolic secant is the ideal profile for

The propagation constants of TE modes in a metallic slab image transmission in a two-dimensional waveguide was first

waveguide are given as [71 discovered by A. L. Mikaelyan in 1951 1171. and, later on,

M by several other scientists through quite different approaches

= o 1- 1 (5) such as Abel's integral equation 1181, ray optics IEikonal
k2 \dJ /Equationt 1191., Green's function 116 1, and group velocity

and W. K. B. approximation [ 201.where J is the width of the slab. In the paraxial approxima- It should be noted that the refractive index distribution,
tion i i.e.. small in) 5) simplifies to m ko - m2a with a ="--

i given in (6), vanishes as x approaches infinity. However.
12 k0 " ( rrd)2 , hence, the distance between successive image practical waveguides do not have infinite width and the

planes is 8 d2 /X. When inverted images are included, the dis- refractive index is greater than one. In fact, the profile is
tance between successive image planes decreases to 4 d 2/A. An truncated at some distance, thereby shifting the propagation
alternative approach for analyzing properties of slab wave- constants (mainly higher orders) so that the waveguide ceases
guides is to consider the walls of the guides as mirrors which to be ideal. In this connection, it is worthwhile to mention
reflect the input to form a periodic lattice of virtual images another refractive index profile which also yields self-focusing.
having a period of 2d. Such periodic structures have self- This profile is analogous to a quantum mechanical potential
imaging properties as was first observed by H. E. Talbot 181 known as Morse potential 121 .
and analyzed by Rayleigh 19j and later on by others I 101-
1121. Clearly. periodic structures are formed also by wave- n(x)= no[2 exp(-ax) - exp (- 2axti. (8)
guides which have a triangular, rectangular, hexagonal, and This profile (which obviously is impractical) yields the follow-
other polygonal cross sections [ 1I , 1131. Fiven a circular
waveguide can form a self-image of a point source located ing family of propagation constants:

on-axis 1141. m=kono - ct + /2) t9)
Unlik. metallic waveguides, the beam of light that bounces .p,-

as required for perfect self-focusing. Thus at least theoreti-
off the core-clad boundary in dielectric waveguides suffers a cally, slab waveguides may transmit images perfectly, provided
phase shift which, in addition to dependence on the angle of

they have the appropriate refractive index profile. However,
incidence, also depends on polarization. Hence. the expression such waveguides are not attractive because they are relatively
for the propagation constants of the modes in a slab dielectric difficult to fabricate and their mechanical properties are in-
waveguide are more complicated than the relatively simple ferior, and mainly because they transmit only one-dimensional 1
expression given in 1 5. Nevertheless. dielectric waveguides light distributions.
of polygonal cross section do possess the self-imaging property Potentially, three-dimensional, round fibers are much more
1151. but imaging is confined to short distances, typically a promising, but, unfortunately. no ideal profile has thus far
few centimeters, and is not applicable to the most common been found. Indeed, as we will show, it is unlikely that an
round fibers. The more sophisticated graded-index fibers, ideal profile for long transmission length exists.
on the other hand. have self-focusing properties and are more It is a well-known fact 1221 that a parabolic index fiber
suitable for relaying images.

ni2 (r) = n2 I - (ar21 I10)
B. Self-Focusing

for which the propagation constants are given as t -"
[he values of the propagation constants that characterize

an optical waveguide are primarily determined by the cross- 'lIn (I I ) I and in are the azimuthal and radial quantum numbers. The ."
Nectional index of refraction profile of the guide. This profile solution corresponding to these numbers is
can be so chosen, at least theoretically, that the propaga- z.r)= AM(Kr)t L(0 (gr)2 e x p I_ ( K r) 2 1
tion constants are equally spaced, thereby leading to a guide tm(r. Lm

having imaging properties. We refer to these properties as .exp (ih) exp lI( imz - wt)l

self-focusing. where Aim is a normalization constant: K = Iko - nool 1/2 and "-"
For a two-dimensional (slab) waveguide. the index profile, are the generalized Laguerre polynomials. The pair of numbers (I, m)

is not to be confused with a different pair -(p. q) which is associated,ix t. must have the following form with the better knosn type of solutions

(xt no) sech t~Xt. (6) Opq(r. ,p. Z, ApqHp(Kx) Hq(Ky) exp I -(Kr)/2l exp li(OpqZ- wr)l r
Ior this profile the propagation constants are equally spaced where

1161 according to [ 1 i/2
O
3
pq = nOk 0 I - - a(p +q + I

Om It2t + konoli/ - W + (7)[ noko
and Hp(x) is the Hermite polynomial of order p. The smearing length

An important difference between self-imaging and self- is, of course, independent of the mathematical representation.
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01 3, noko I- -a(i+2ml (1)noko j..-,.

is capable of relaying images to a certain distance. If the (a)
expression in I lI) is expanded in powers of (2/noko) al +
2m + I ) to the first power, then (4) is satisfied and images
are formed at distances LP P(21r/c). But image quality
is degraded with distance and is completely smeared at a f
distance (b)

L no(2T)2 Fig. 2. Holographic phase conjugation filter. (a) Recording arrange-
L smear = + 2M + 2) ment. (b) Readout arrangement.Xoa 2 il+2 max .

Using common notation of A = IntO) - n(a)lI/n(O). where a is gtM 2 2 C2 12
the actual radius of the core, we can write a 0_-.1 l 

; .kt (10 2o-i )
+ 2 + mK im+ K i (18 )ko~V' (13)-kn..'

U1+ 2mn + I Imrax -(3
where Kim is a number lower than 0.17. The smearing length

By substitution of (13) into (12). the expression for the for this profile, which is the same as for the hyperboli,: secant
smearing length is simplified to yield profile, is

smear parabolic index) (14) Lsmear (hyperbolic secant) = no (I9)

For A = I0-3 and X = 0.6 gm, the smearing length is 40 cm. which is greater by a factor of 3 than the smearing length for

The number of modes that propagate in the fiber -N is given the parabolic profile as given in (12).

as Kawakami and Nishizawa, exploiting ray optics, have shown
kgng.,,2  that the optimal profile for helical rays is 1261

N = -n0 (15) =n +(ar)2 1' (20)

so that by reducing .A. it is possible to increase the smearing and that the optimal profile for meridional rays is, of course,

length. but at the same time the number of modes, which is the hyperbolic secant

essentially the number of resolution elements of the trans- nW(r) = no sech (or). (21)
mitted picture, decreases.

In O99 a group of scientists presented the first parabolic Consequently, since the two profiles differ, at least in the ray

index fiber, known today as the "'selfoc" fiber 1231, in which optics picture, an optimal profile for all rays does not exist.

they transmitted an image through I m. Thereafter, similar For large diameter fibers (hundreds of times larger than the

large-diameter plastic fibers were produced and tested by wavelength of light) the ray optics approach provides a good Tlarg-dimetr pastc fber wer prducd ad tste by approximation, thus illustrating that pictures containing a
another group 1 241. but the fiber lengths in their experiments aot tn
were only several centimeters. large number of resolution elements cannot be perfectly trans-

mitted by any type of round fiber. So. despite the fact thatRecently. Silberberg and Levy 1251 suggested a refractive graded-index fibers provided a partial solution to the image
index profile for which the smearing length is greater than the transmission problem, they cannot be used for long distances.
smearing length of the parabolic index fiber as given by (I I ). t i p t

The profile is a modified hyperbolic secant profile of the form IV, FIELD CONJUGATION L
no
2  

(12l - 1/4)
--( cosh tar) "- n rAn imaging scheme involving phase conjugation. was first

)cosh 2 r) k° 20suggested by A. Yariv in 1975 1271 and recently demon-

where strated by G. J. Dunning 1281. In this scheme, a nonlinear
optical element is placed between two sections of identical2 I 1I (6

ni(akr) = -r- sinh - 3 fibers having exactly the same length. The picture field
(ar )2  sinh2 Iar 3 cosh2 (a,) propagates through the first section, undergoes a conjugation t

transformation by the nonlinear element, and then the conju-For this profile, the family of propagation constants, which gate field propagates through the second section. At the
have the azimuthal quantum number I = o, are equally spaced output of the second section the field is a conjugate replica

= aS - 2am of the input picture field. In his paper. Yartv suggested a
nonlinear crystal to produce the conjugate field.

with Rather than using a nonlinear crystal we exploited a hoo-
graphic technique for producing the conjugate field. The

S =I kono/a 2 
-(10 - 1)/31/2 - o - I. 171 scheme is illustrated in Fig. 2. The light emerging from the

first fiber section interferes with a plane-wave beam, and the
The other propagation constants are shifted slightly according pattern is recorded on a photographic plate. After develop-
to ment. the hologram is rotated by 1800 and replaced in the
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"%',(ab

(a) (b)

% Fig. 3. Results ,ith holographic phase conjugation filter. (a) Object at
input face of fiber. (b) Output imagery.

original location (if the hologram is thin, it is not necessary Fig. 4. Holographic reconstruction through an optical fiber as a funC-
tion of fiber rotation about its axis. (a) Object. (b) Reconstruction

to rotate the hologram since the conjugate wavefront is recon- with no rotation. (c) Rotated by 120'. (d) Rotated by I 800.

structed with a readout plane wave oriented symmetrically
wAith respect to the normal of the hologram plane). The
reconstructed conjugate wave propagates through the second I
fiber section and an image is formed on the end-face of that
section, Mathematically, the sequence of transformations
that the input picture field undergoes is described as follows: "

f-1 01m Ls "

L T3' . ;m,?,e " l ' L T-L 2 ,imi, , 22)(a)
A~ 0,' 1m 0I. r ,nM " .

rhe four expressions gie the field distribution at the four
laces of the fibers from left to right. T, and T3 denote the
transtormiations that result alter propagating a distance L -
through the fiber, and T, is the conjugation transformation
lincluding propagation from the end of first fiber section to
the hologram and from the hologram to the beginning of the
second fiber section).

In our first experiment the holographic setup was so ar-
ranged as to allow the reconstructed field to propagate back
through the same fiber. A similar experiment to correct the
imaging through fibers was done by E. Spitz 1291 , and analo-
gous experiments were conducted by E. Leith, J. Upatnieks.
and A. Van der Lugt to holographically correct lens aberra-
tions 1301. the fiber was a glass rod of 25 cns in lergth and (b)
0.9 n1m1 in diameter. ihe results are shown in Fig. 3. In this Fig. 5. Excitation of leaky fiber modes. (a) Arrangement for coupling

light into fiber in order to excite only one mode. (b) Left-half regular
experiment. one fiber essentially simulates two identical mode pattern (LP,,,). Right-half interferogram of mode with plane

sections so that the results shown in Fig. 3 are rather inm- wave.
pressive. In a more practical situation, two different fiber
sections must be employed. to test qualitatively the match- light sources and good mechanical stability are necessary, and
ing tolerances that would be required of the two sections, the filter depends on the input picture field.
we performed an experiment with the same setup, except A simpler technique. which still uses coherent light. is de-
that the fiber was rotated around its axis of symmetry prior scribed in the next section. It does not require matching of
to reconstruction and return propagation. In essence, then, two fibers but is based on a multiplexed holographic filter for
only the mnicrostructure of the fiber is different for the for- restoring the imagery at the output of the fiber.
ward and backward propagations, but otherwise, the fiber is
identical for the two. Representative results are shown in COMPOSETE HOLOGRAM FILTER
F ig. 4. Fig. 44a) depicts a photograph of the input object Since the held distribution at the output end of the fiber
of transparent letters in a dark background. Fig. 401bi. It. due to the excitation of a given point at the input face de-
ani Idi shows the output after reconstruction and propaga- pends stongly on the location of that point. the image trans- r
iot., when the fiber was rotated by 00. I 0'. and IS0 . re- mission arrangement through a single fiber may be regarded

spectively. ( learl). the output insagery has more degradalion as a space variant sstem. As ,uch. tfe point spread functions'
as the rotation is increased, of the individual input points differ from each other, ,o that

The two experiments demonstrate the validity of the con- no one single filter can restore the smeared output imagery.
cept but. at the same time. also show the dominant pitfalls. In this section we present a technique in which a set of con-
In particular. it is unlikely that two identical fibers (including posite holographic filters modifies the point spread functions
.itenti,-if microstructure) can he found. Moreover. coherent in order to restore the original input image 131.-
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INPUT SIGNAL
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Fig. 6. Optical arrangement for recording a holographic filter and for
transmitting pictures through a single fiber.

In this technique the field is independently excited at differ- a normalization constant, and fl, K1 are the Bessel and Hankel . -
ent points on the input face of the fiber, and the corresponding functions, respectively. Vim and Wim are related to the
point spread functions of each point are holographically dimensionless parameter V as
recorded, each with a differently oriented reference beam. m 1 = V 2 koa(nl n )
This forms a composite recording of many component holo- V1 Im + W~m 0V2 _ k 2 a 2 2 

- nl..
grams each of which can be read out separately by light repre-
senting a corresponding point spread function. Thus when To demonstrate the validity of this approximation, we
the readout light at the output of the fiber, caused by the conducted an experiment in which only one leaky mode was

excitation of a given input point, impinges on the composite excited. This was achieved by coupling coherent light into

hologram, most of the diffracted energy propagates in the the fiber through a prism, as shown in Fig. 5(a). Light from

direction corresponding to the original reference beam, repre- the output end was imaged through a polarizer onto a screen

senting the signal. A small fraction is diffracted to other where it interfered with a spherical reference wave having the ..

directions, representing crosstalk noise. Such a multiplexing same radius of curvature. A photograph of the results is

scheme was suggested by Pennington and Collier 1321 for shown in Fig. 5(b). The regular mode pattern without the

reducing the ghost imagery associated with multicolor holog- reference wave is shown on the left, whereas the interference

raphy. and, more recently, by F. Krile, R. J. Marks, J. F. pattern is shown on the right. Both the sinusoidal angular
Walkup, and M. 0. Hagler 1331 to form space variant filters dependence and the Bessel radial dependence are evident.
in optical processing. Note the change of sign between neighboring peaks both in the

In order to estimate the signal-to-noise ratio of this scheme, radial and azimuthal directions.• "" Based on the above expressions for the guided modes, the
we assume a coherent light excitation at the input face of a Bteh d e
step-index fiber of the form signal-to-noise ratio (SNR) can be calculated. The signal is

defined as the diffracted power from a filter which corre-
El, = 8p - ri, - ) (23) sponds to a particular incident point, whereas the noise is

defined as the power diffracted into the same direction, caused
where ri.Oi are the polar coordinates of the input point. For by excitation from the other input points. The calculation is
simplicity we use the "weak guidance" approximation, which done by expanding each input field into the complete set of
leads to LP modes (341! There are four degenerate ortho- fiber modes and using these to evaluate the diffracted fields
normal modes which belong to the same eigenvalue aim from the holographic filters. This calculation is rather cumber.

elmi =ifim(P) COS some, so we only present the final result

e"-2 =SifjN p) sin 1)SI 2S 2NF/Np (26)

elm3 =.iflm(PIcos (I0 1 where NF is the number of nondegenerate modes and Np is
the number of different input points in the composite filter. - -

"C itm4 = Yfim l p) sin I) (24) In the derivation we assumed an ideal straight fiber (neglecting

where scattering) and an ideal material for recording the holographic
filter.

SAim J(Vp) p< 25) The experimental arrangement for recording the composite
-.,( Wimp5 , > I holographic filter, ,% well as for transmitting two-dimensional

information through a single fiber is shown in Fig. 6. An
and p = ra is a normalized radius, a is the core radius, A,m is array of pinholes is projected onto the input face of the fiber
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V1. MULTIPLEXING

Thus far we have considered techniques in which smearing
was overcome either by changing the fiber geometry or by
introducing a phase compensation filter at the output end of
the fiber. In this section we shall consider techniques in which
both the input and the output are involved. Specifically,I we shall describe methods in which optical components at
the input encode the spatially modulated light so that the
information is not scrambled during propagation, and optical
components at the output decode the information to form the
original spatial pattern.

There are three coordinates that are not mixed by the fiber.i n axial angle 0. wavelength X, and time t. Thus if a ray of'
light with these three coordinates (01,1,. .1) is introduced
into the fiber, it will emerge from the output end with the 0

:' ..

same set of coordinates, except for a constant delay added to

IiL. 7. Lxperimental results of the transmitted ten decimal digits. the time coordinate (01, X1. t + T). Consequently, in order to .-

transmit a two-dimensional picture through a single fiber, it is r
first necessary (and of course sufficient) to transform the two

by a demagnifying lens systen. In recording, light from only spatial coordinates of the picture into any combination of
a single pinhole selected by a moveable mask falls on the input two of the three coordinates mentioned above, then to let
face of the fiber at a time. At the output end, the point spread the light propagate through the fiber, and finally to retrans-
function (after magnification f is holographically recorded with form in order to obtain the image of the original picture.
a certain orientation of the reference beam. Next, after trans- These transformations and retransformations are usually
lating the moveable mask to another position and changing referred to as multiplexing and demultiplexing. respectively.
the orientation of the reference by means of a deflecting In the following we consider several optical arrangements in
mirror. a new hologram is superimposed on top of the previous which one or two forms of multiplexing are used for trans-
one. [-his process continues fr all pinholes in the input array mitting two-dimensional imagery through a single fiber. Prior
to form the composite hologram filter. In a specific expert- to describing these systems and the experimental results, we
ment the input array consisted of 13 pinholes in the form of consider the angular multiplexing technique separately because
a seven-bar diagram. The waveguide was step-index round it is the least familiar of the three schemes b.

plastic fiber of 60-cm length and 0.8-mm diameter. The

recording material was a photodielectric polymer capable
of tn situ development 1351. and having sufficient dynamic A x Ag lp i
range to handle the 1 3 superimposed holograms. The underlying principle for transmitting the angular coordi-

After recording the filter, light through selected pinholes nate by multiplexing is based on the fact that the angle be-

was blocked so as to form a pattern of a decimal digit, for tween the propagation direction of a ray of light and the

transmission. At the output end the diffracted light from symmetry axis of a step-index fiber is kept unchanged as the

the filter is collected by a Fourier transform lens to form a ray bounces from the core-clad interface 1361. As proof,

small spot at the focal plane for each input point. The expert- consider a ray propagating in the direction k = (k,, ky, k.).

mental output images are shown in the photographs in Fig. 7. The axial angle 0 is given by cos 0 = kz/Ik!. The magnitude
..As shown, the SNR is high, since the noise was well below the of the vector k is obviously unchanged by reflection, and we

threshold of the output recording films, clearly demonstrating want to show that the same is true for k.. Now, the relation

the effectiveness of the technique: the one-to-one corre- between the propagation constant of an emerging beam,
spondence which exists between input and output points is k(out), and that of an incoming beam, k(in), due to reflection F
clearly evident in spite of the fact that the transmission is from a certain plane is given by a reflection matrix (R) as

through a space varying system. In other words, each point kMout) =IR)kl n ). Describing the plane by a unit vectorn=

spread function is primarily affected by its conjugate filter (nx, ny. n.) perpendicular to the plane, it is known (371 that

and not so much by the other, superimposed filters. I- 2n~x -2n n -

[he dynamic range requirement may be relaxed by changing 2wae t heipu fceeciesony rop.f oeswhch _n ,n 2. 2yz 2
the excitation and recording scheme. For example, a plane- (R) = nxny - 2ny - (27
wave at the input face excites only a group of modes which. -2nxnz; 2nynz, I - 2nz i"

emerging from the output end, propagate in a narrow conical
shell [361. As a consequence. one recording plate can serve yielding for nz = 0
for recording spatially separated and independent holograms, 2-
thereby decreasing the numbher of superimposed holograms 2n. - 2nx.n,..
at any given area of the plate. With such a recording scheme. (R \-2nXny, I - p.2n; .28)
the number ,f input sampling points may be considerably' IO 0- 1I)--
.nlarged.

As a final note, we would like to point out that the SNR All the reflections inside the fiber are described by matrices
is essentially independent of the length of the fiber, as long of the type (R)f for which nz = 0. Clearly, with such matrices
as the fiber remains dimensionally stable. k,(out) = kz(in). and this equality completes the proof.
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'I 5,

Fig. 9. Basic arrangement for angular multiplexing and transmission.

I2

(a) (b)

Fig. 8. Ray geometry in fiber. (a) General ray path. (b) Cross-sectional
view defining the angle ,.

rhe azimuthal angle, on the other hand, is not preserved. (a) (b)
In fact. when a plane wave excites all rays with a given azi- ig. 10. Binary signal transmission with angular multiplexing. (a) Binary
muthal (and axial) direction of propagation, the light rays input. (b) Corresponding output pattern.
emerging from the fiber will make a conical shell having a
uniform density around the cone. As a result of these two
effects -axial angle preservation and density uniformity in
the azimuthal angle-the light pattern on a screen, some
distance away from the output end, is a narrow, uniform
ring. To show the azimuthal uniformity, consider a ray
whose azimuthal input angle is Oin = 0. The azimuthal angle
at the output, is 0 out = n( 1,ff . with 4' defined in

Fig. 8. The number of reflections, n( 'j. is nt4') = L tan 0/2a
cos 4'. Around 4 = 0 and for small 0, n() = (LO/2a) [I +
11I 2)1p4'2 The angle. 4',. for which the number of reflections
n(4) is increased by 1. compared to the number of reflections (a) (b)
at 4' 0. is 4, = [4a/L1 t12 . On the other hand, the change in Fig. il. Continuous tone signal transmission with angular multiplexing.

azimuthal angle of the emerging beam is (a) Input. (b) Corresponding output pattern.

A4iout Oout~oi 0,ut(0 ) 2(LO/a)1 / 2. (29) optical setup similar to the one shown in Tlig. 1). Light is
modulated by the signal along a narrow slit placed at the back

For L = 25 m, a = 600 pm, and 8 = 0.1 rad, 4' = 1.2 and focal plane of a lens. The spatially modulated light is decom-
Ao = 29 X 360. It means that if the angle 4' is changed con- posed by the lens into a set of plane waves each having a
tinuously from 00 to 1.20. the rays emerging from the fiber unique direction of propagation. The light propagates through
will continuously circle the output ring 29 times. For any the fiber and forms on a screen a pattern whose radial depen- t
small interval in Vi the output azimuthal density is indepen- dence is a copy of the modulating signal along the input slit.
dent of 4' and the same is. of course, true for the sum. Figs. 10 and I I display our results with a 25-cm-long fiber.

A more accurate calculation of the far-field output pattern The input signal is shown on the left, and the output pattern
from a multimode step-index fiber, due to oblique plane-wave is shown to the right. These results confirm the preceding
excitation, can be given in terms of guided modes. A plane discussion and show that indeed the axial angle is an unmixed
wave, which is launched at an axial angle 0 into the fiber, is coordinate and (together with either time or wavelength
expanded into the guided modes. Fach of these modes propa- coordinate) forms the basis for two-dimensional image trans-
gates to the exit end of the fiber with the proper propagation mission through a single step-index fiber.
constant, and the far-field pattern can be calculated. This In the following section we present the experimental arrange-
derivation is rather cumbersome, but the main result is that ments and results obtained for each of the three multiplexing
only modes with (I. m) given by combinations: I ) 0-t multiplexing; 2) - multiplexing; and

3) X-t multiplexing. The discussion of picture quality, mainly
2 in terms of the number of resolution elements carried by eachI + 2m -&kon a sin 0 (301
7T of the three coordinates, is given in a separate section fol-

lowing the presentation of experimental results.
are strongly excited, while all other modes are virtually absent.
The far-field pattern which is obtained from these modes is B. Experimental Procedure and Results
circularly symmetric. The radial part peaks at 8, and is very 1) Angular-Tinie (8-t) Multiplexing: In the angular-time
much like a diffraction pattern from a circuh'r aperture having multiplexing image transmission scheme the two-dimensional
a maximum intensity which coincides with the maximum pre- light signal is transformed into the axial angle and time coordi-
dicted by ray tracing. nates. The optical setup for performing this transformation

In the angular multiplexing experiments, we have used an (and the inverse transformation at the other end of the fiber)
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Fig. 12. Optical arrangement for multicolor picture transmission by -
angular-time multiplexing.

is shown in Fig. 12. The information bearing transparency is
imaged through a moveable mirror onto the entrance slit (b)

which selects one line to be transmitted. The light emerging Fig. 13. Resolution target imaged through a fiber rod by angular-time
multiplexing for two different fields of view. (a) Level 1-6 horizontal

from the slit is decomposed into plane waves by lens L2 and lines are barely resolved. (b) Vertical lines at levels 2-6 are still
the angular span of the plane waves is magnified by the L 3 -L 4  discernible.

i lens combination. After propagation through the fiber, the
light is collected by lens Ls to form a circularly symmetric
pattern at the plane of the exit slit. The radial line from the
pattern is selected by the slit and an image of the intensity

:. variations along that line falls at a certain location on the
output screen by means of the imaging lens L6 and the output
scanning mirror. When the two mirrors rotate synchronously,
an inage of the two-dimensional input transparency is formed
on the screen. In order to increase the light collection effi-
ciency. it is possible to include annular mirrors behind lens
L5 , each of which collects and deflects the light of a given

* ring by a specific angle into the slit [381. Alternatively, if
coherent light is employed, the mirrors can be replaced with
holographic optical elements. (a) (b)

Some representative results obtained with the optical arrange- Fig. 14. Image transmitted through a 25-m-long, step-index fiber by

. ment of Fig. I 2 are shown in Figs. 13 and 14; these illustrate angular multiplexing. (a) Input. (b) Output.

the effectiveness of the angular-time multiplexing technique
for transmitting pictorial data by a single, step-index, round 2) Angular-Wavelength /6-X) Multiplexing: By replacing
fiber. The output imagery, for which a standard resolution time multiplexing with wavelength multiplexing, and again
chart served as the object, is shown in Fig. 13. The trans- combining it with angular multiplexing, it is possible to obtain -
parency of the chart was illuminated with monochromatic a completely passive system for transmitting in parallel an
laser light, and the image was transmitted through a 25-cm- entire two-dimensional picture through a single fiber. The
long fiber rod of 0.9-mm diameter. In Fig. 13(a) we focus on wavelength multiplexing is achieved by coding each line of a
the details of pattern number I where the asymmetry in reso- two-dimensional picture with a different color illumination.
lution is evident: while the three vertical lines 1-b (3.56 line- In practice, this coding is implemented by means of a dis-
pairs/mm) are clearly resolved, the horizontal lines of the same persive element, such as a prism or a grating, which disperses
level are barely resolved. Because of a limited field of view, white light into various color strips, each illuminating a dif-
a second photograph Fig. 13(b) is needed to show the details ferent area of an input transparency. The information from
of pattern number 2. here the vertical lines of levels 2-b each of the color-coded strips is transmitted and detected by
(7.13 line-pairs/mm) are still resolved, means of angular multiplexing as before, but at the output, "

Fig. 14 shows the results of transmitting the image from an additional optical elements distinguish one strip from another
object transparency, consisting of transparent letters against a and rearrange the strips according to their original relative
dark background, through a 25-m-long step-index fiber of positions. -
600-MAm diameter: the illumination source was a 75-W xenon The imaging technique is implemented by the optical arrange-
arc lamp. A photograph of the signal at the input face of the nient shown in Fig. 15. The input coding slit S, is at the back
fiber is shown in Fig. 14 (a), and the corresponding transmitted focal plane of lens L I and is illuminated with a white light
image in Fig. 14(b). source. A prism. PI, disperses the light into its spectral com-
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Fig. t5. Optical arrangement for two-dimensional imagery by angular-
wavelength multiplexingam i b e da h n

ponents each passing th r. after trnsiso thereby form-ough the
Ing multiple images of the slit , each of a different color, at the
front focal plane of L. Each line of the object transparency
located at that plane is tu e am ith a different wave-

" length. Lens L3 decomposes the light signal along every line 4,

- o tof a certain color into plane waves as required for angular .,

ByJuxing Prism P2 recollects the light of all colors, and Fib
after angular magnification by lenses L and mirors Fig. 17. Sae tc arrngeetr avelngth mtierpliing

Fi.1.l'at h ieadwvlnt coordinatesltipeareg

introduced into the fiber. After transmission through the
optical fiber, a second Slit Sm selects one line (containing allFi.IScnb
colors) from the emerging circularly symmetric far-field coetp

." pattern. The light from the slit is collected by the collimating bjc t
parentns, Lr. and the resultant output beam is then dispersed by sca arra m i s a l l t
the prism, P3 Finally lens L- refocuses the dispersed light wit weg
onto a screen to form an exact replica of the input signal. fiber by masoa

.. meBy juxtaposing Fig. 12 and Fig. 15. it becomes evident that oi E w c a de e ..-areul
the prisms P and P t of Fig. 15 play a role which is very dispersi, l o a w l
sbmtar to that of the input rad output scanning mirrors of Fig. 17. Schematic arrangement for wavelength multiplexing. eeb
bouFig. 12. In eact. the y daecinth coordinates are ntth

analogous in sever l respets, some of which are discussed
n a subsequent section time multiplexing, the optical arrangement of Fig. 15 can be
In the experiments the illumination source was a 75-W simplified by completely removing the input and output slits

xenon arc lamp, the input transparency consisted of trans and illuminating the object directly with white light. The
. .parent letters against a dark background. and the opti- principle of such an arrangement is schematically illustrated-

cal guide was a 15-m-long step-index multimode fiber of in Fig. 17. The object, which is illuminated with white light, e
O-ualm diameter. A representative result of the output is imaged onto the input face of the fiber by means of an is

imagery obtained with the arrangement of Fig. 15 is shown optical system which contains a dispersive element. As a result
• --. in Fig. 16. The resolution in the x direction is determined of the dispersion, light of only a narrow spectral band from r
"" by the slits which were normally 200 /am wide, so as to give each point is collected onto the input face of the fiber thereby""".
o. about 5 line-pairs/mm, In the y direction, the resolution encoding each point with a different wavelength. An obvious "'.

depends on both the fiber characteristics and angular mag- implication of this technique is that the fiber diameter dictates""
,nification of the input optics. and for our system was about the resolution.

2line-pairs/ram. The mnore complete optical arrangement, in which the ;
-- 3) Wavelength- Time (N,-t) Multiplexing: -the method of auxiliary slits have been essentially replaced with the optical

image transmission by the wavelength-time multiplexing is hoter itself, is shown in Fig. 18. 1 fie object is imaged onto the
":conceptually simple and relatively easy to implement expert- input face of the fiber by means of lenses L I and L 2. This '._

mentally. As in the preceding section, we shall again empha- image, however. is spectrally smeared by the dispersive ele-

size the wavelength multiplexing part. For the wavelength- ment positioned between the two lenses. In our experiments,
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WHITE- LIGHT OIJECT LISPERWE
ErLEMENT -•

SOURCE TRANSPARENCY
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Fig. 18. Optical arrangement for transmitting black and white pictures
through arbitrarily long and curved optical fiber by the wavelength-
time multiplexing.

C. Discussion

The most important parameter for characterizing the quality
of the transmitted pictures is the number of resolution ele-
ments. Other relevant parameters include the magnification.
field of view, and the size of the pictures. In this section we
shall consider these parameters for the three multiplexing

Fig. 19. Image transmitted through a 25-m-long fiber by wavelength- configurations.
time multiplexing. We begin with the angular multiplexing scheme in which

the number of resolution elements is directly related to the
holographic gratings served as the dispersive elements since spreading of the beams which emerge from the fiber. This
they have dispersion powers which are much greater than spread is, in general, a function of the axial angle of the
those of conventional prisms. Therefore, lenses with shorter incident and emerging beams, and we designate it as o(0).
focal lengths are adequate for transmitting a given number Refer to Fig. 12. and let x I and x 2 denote the coordinates
of resolution elements, making the system more compact, along the entrance and exit slits, respectively. The relation
Finally, the input face of the fiber determines the smaller between the axial angle 0 and x I is given approximately as
area, from which light is collected into the fiber. At this
area each point along one line of the object contributes x, =t . witht f2 f4 (31)
light of a specific color so that one-dimensional wavelength f3
multiplexing is achieved.

rhe time multiplexing is implemented with two synchro- where fh, f3, and f4 are the focal lengths of lens L 2 , L3 , and

nously scanning mirrors (not shown in the drawing) which are L 4 , respectively. Now, the resolution R (i.e., the distance

placed near the dispersion elements. Indeed, the configuration along the entrance slit between two resolvable adjacent points),

stresses the similarity between the wavelength and time coordi- the magnification M. and the field of view x (max) are given as

nates. The wavelength multiplexing arrangement shown in X2 fs '
Fig. 17 is obviously simpler than the one shown in Fig. 15; R1 (xl)=tuo(xt), MV--= , xI(max)=
moreover, it more closely resembles the practical situation X 1  f2f4

in which the object is illuminated directly with white light (32)
rather than an encoded wavelength illumination. However, where Oc is the critical angle characterizing the fiber. The
the light collection efficiency of the arrangement shown in number of resolution elements is thus given as
Fig. 17 is inferior to that of Fig. 15. elma ts

Fig. 19 shows a photograph of an image transmitted through f x l(m ax )  dxi fc dO
(33)a 25-m-long fiber having 200-Mm diameter, The picture con- Ne = R--) J - ,"'

tains about 120 by 140 resolution elements. Except for r
some minor scatter losses, the picture quality is not affected For an ideal straight fiber having a radius a, the width of the
by the length of fiber. Indeed, we obtained comparable spread u(O) is essentially derived from diffraction considera-
results with 500-m-long fibers 139). tions and is given, approximately, as konoao(O) - ir. For
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Sno = 1, the width of the diffraction limited angular spread is modification, we shall show that these expressions are also
thus a = X/2a. Since this spread is not dependent on 0, we valid for the time multiplexing technique.
obtain from (33) that the upper limit of the number of reso- With reference to Fig. Ih, consider the x coordinate at four
lution elements is different planes, which coincide, with either the front or the

back focal plane of the various lenses: xI-at the object plane,

N0 (upper limit) = 20c " - (34) ., at the plane of the fiber's input face. x 3 -at the plane of
the fiber's output face. and x 4 - at the image plane. Also the - -

* I. for example. 0c outside the fiberi is 0.5 rad, the radius, dispersion power at Xt, of the dispersive elements is defined as

of the fiber is 300 jam. and X is 0.( lim. then NO is 500. dl .. -

'khich is comparable to one line of a television picture. I. .4 (- .38)

practie. hoixeer, the fibers are not ideal, resulting in greater
angular broadening and. consequently. lesser resolutionanldnt., Now the angular deviation of Ine beam at each wavelength can

heexpressed n a Iaylor series as -%-
I he Is o major sources for , ngular broadening are. I b e n o

coupling heiten modes due to surface roughness. refrac- 10
live index Irregularities. and microbendings. anti 2) oupling 0(X =0(Xo + .1 - A,,) + X0+- 1)5 + " 3.

between modes due to large bends along the length of the
tiber. [ he tirst source of coupling is usually characterized b, It kte assume that No is the center of the spectral bandwidth
a coupling constant D having a typical value of 10-6 rad in. and that all the lenses are perpendicular to the beam of X0,
Ihe angular width a depends on fiber length: as 13 81 14UI then 0( X0)= 0. By neglecting higher order terms (which

represent distortions and introduce unnecessary complica-
a = 14D_ + 0 1/ 135 lions to the calculations), it is possible to use the paraxial

where a5 is the initial width and has. of course, a zero value approximation to obtain
in the case of plane-wave excitation. Thus for plane-waie - -(

excitation. N0  is given by I x i ) - Ix Alt*(X - X01l (40)

N 0 13 o and similarly
14Dz1 I .

X 4 0.t 3. L) = IX3 -A 2]'3( X X0)1 (41)
where the number of resolution elements decreases as the 13
square root of distance. Forz= 25 1. 0, = 0.5 , andD = 10 - 6
rad: i. t e obtain .VO = 50, which is an order of magnitude I, Using (40) and (41). the magnification i' found to be

than the upper lint. V4 fa A2
When the mode coupling is caused by macrohending. the . - - - .(42) .

angular spread of meridional rays resulting from a single bend .i .i 4i
with a radius of curvature R is given by In the configuration under discussion, the magnification is

not affected by thle focal lengths of lenses L2 and L3 . The
sn1 9/ 2  

- - resolution R1 . namely, the smallest distance between two
2 2arcsi - In (20)+8 resolvable lines in the object plane, is

R 1~ .43,
df' + .(43)

The width 0101 Is actually smaller than A010), but it is ap- [ 3

proximately proportional to _%0(0). In our experiments we For a given bandwidth B (dictated either by the bandwidth of
round that 0) is indeed a function of 0. where it continues the source or that ot the detector) the spatial extent of the
to decrease as the angle increases. An additional cause for this obiect is bounded as
decrease is attributed to the change in coupling coefficients -

as a function of axial angle 1411.
In summary, the quality of pictures transmitted by the B

angular multiplexing technique depends on the diameter and
length of the fiber, the number of bends along the fiber, and From 143) and (44). the number of resolution elements NX

the coupling coefficient. Such dependence is essentially is found to be

avoided in the time and wavelength multiplexing schemes. Brll -i
leading to im. -oved picture quality. N' (45)

We will now derive expressions for the wavelength multi- .1 -3

plexing technique illustrated in Fig. I in which the magnifi- We thus see that the parameters of lens L, aff:ct the resolu-
cation, resolution, and number of resolution elements are tion and the field of view. but the number of resolution
given as a function of the focal length of the four lenses fi. elements (for a given bandwidth and fiber's diameter) de-

12. h . and 1J4 the dispersion power of the two dispersise pend,: solely on the focal lengths of L2 and L. and on the
elements-A, and A2 (defined below), the diameter of the dispersion power of the two dispersive elements. The role of
fiber d (assuming the fiber has the same diameter at both L4 is only to alter the scaling.
ends); and the available bandwidth -B. After some slight By letting AI A2  A andJ 2 f=3 =. then (45) reduces to
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1 x 1 (max) directs the outcoming wavefronts, each excited at a different
Nx=2dBA= d(46t input point, to a preselected location so as to form an undis-

torted output imagery. Based on our investigations of the
The number of resolution elements is proportional to the properties of the normal modes of a step-index fiber, we show
bandwidth, the dispersion power, and the focal lengths of the that a compensation filter is not a suitable solution. On the
lenses at either side of the fiber. It can easily be increased other hand, the conjugation and correlation filters are more
(by increasing f. for example) but at the expense of light flux useful, as was confirmed experimentally. However, since
reduction at the image plane which is inversely proportional these filters compensate mainly for phase distortions, a high
to NX. Hence, the number of resolution elements is noise degree of geometrical stability is required, which often cannot ,
limited, of which shot noise is the dominant contributor be met in practice.

The same expressions are obtained for the time multiplexing The most promising techniques involve multiplexing
scheme where the dispersive elements are replaced with scan- methods. Here the input data are first transformed into inten-
ning mirrors. The necessary substitutions are sity variations of coordinates that are not mixed as the light

1 ,, 1 2 _ do,: 2propagates through the fiber. Then, at the far end, an inverse
A ,2 -1 W,2 t (47) transformation restores the original spatial intensity variations

- 2 dt of the input. The unmixed coordinates are the axial angle

where 0 is the angular position of the mirror and that a light ray makes with respect to the fiber's axis of
symmetry, the wavelength of the light, and the time at which

B - 4r. (48) light enters the fiber. Any combination of two of these three

The term r denotes the time during which the mirror rotates is sufficient to transmit two-dimensional imagery through
from one extreme angle to the other, assuming constant single fibers. The three available different multiplexing com-from oneextreelo Thus the of ssuing cnstan binations have been investigated and supportive experimentalangular velocity, hu the number of resolution elements inthe time multiplexing N r can be written as results obtained. We have succeeded in transmitting undis-

torted pictures through single fibers of lengths ranging to

2T FI 1 -i 500 m. The number of resolution elements in the pictures
N= + . 49) ranges from 20 to 160 in each direction. These methodsd LWif2 W2 f 3 are reliable and easy to implement and therefore may be of

As expected, (49) closely resembles (45), showing the simi- practical use.
larity between wavelength and time multiplexing. We expect that as the multiplexing techniques for parallel

Finally, we would like to emphasize that, unlike that in the image transmission evolve, they will replace the more common
angular multiplexing scheme, the resolution in both the wave- sequential scheme for transmission in some applications.
length multiplexing and the time multiplexing is independent L
of the length of the fiber. Thus these latter two schemes are ACKNOWLEDGMENT
the most suitable for long-distance image transmission.
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Transmission of two-dimensional images through a single optical
fiber by wavelength-time encoding

Anthony M. Tat and A. A. Friesem*
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Serial transmission of image data through an optical fiber is inefficient in the utilization of the channel capacity
of the fiber. Parallel image-transmission techniques, on the other hand, generally limit the transmission length
to a few meters. A novel approach is introduced with which two-dimensional images can be efficiently transmitted
through a single fiber at high speed. With this approach, images with space-bandwidth products greater than 2000
X 2000 can potentially be transmitted at a rate as high as 40 GHz.

Images are generally transmitted through optical fi- ward implementation is to utilize the one-dimensional

bers in one of three ways. The optical image may be system described earlier and simply translate the input

sensed by an imaging detector and the data sent through object across the input plane.3 Such an approach is
an optical fiber by modulating the intensity of a light simple but slow, negating many of the advantages of-
beam. Such a serial image-transmission scheme, fered by parallel transmission. Moreover, it is often
however, does not utilize the channel capacity of the impossible to translate the object to be imaged. In this

optical fiber efficiently. Moreover, the electronics in Letter, we present an efficient optical system for the I
the imaging detector and modulator are highly sus- high-speed transmission of two-dimensional images by
ceptible to rf interference and radiation damage. For wavelength-time encoding.
image transmission over a short distance, Selfoc fibers First, let us assume that the input is in the form of a

can be used. The image quality, however, deteriorates transparency. The image-transmission system is il-
rapidly with distance. One may also transmit images lustrated in Fig. 1. Three blazed reflection gratings are
through a coherent fiber bundle. The fiber bundle of- mounted on scanners that scan synchronously. The

fers parallel image-transmission capability, but current first grating disperses the light in the x direction,
manufacturing technology limits the transmission forming a line at the input plane, while the scanning
length to only a few meters. causes the line to move across the input transparency

To utilize the channel capacity of optical fibers more along the y direction. The second grating recombines
efficiently, wavelength encoding has been suggested as all the light, and the achromatic lens couples it into the
a means of transmitting images through a single fiber.",2  fiber. We note that the elements are placed exactly one
Such a scheme can provide the parallelism of a Selfoc focal length apart such that the output forms a sta-
fiber or a fiber bundle without the restriction on the tionary white spot at the input of the fiber regardless " "
fiber length. Implementing wavelength encoding- of the positions of the synchronously scanning gratings. . -

decoding is relatively simple for one-dimensional im- All the light emitted by the white-light point source
ages. One may disperse the light emitted from a (minus, of course, the light absorbed by the input
white-light point source into a line with a grating or a
prism, projecting a different wavelength on each pixel ..-.

of the object to encode the one-dimensional image. A
" second grating or prism is used to recombine the dis-

persed light, which is then coupled into the fiber. At >i -
the receiving end of the fiber, the transmitted light is , ,
dispersed again by a third grating, recreating the
wavelength-encoded input image. Such a system uti- .

- lizes the light energy efficiently, and there is no addi- ... - -
tional light loss beside the usual absorption, reflection, ,,- -

and coupling losses.
Extending the wavelength-encoding concept to two .

dimensions while maintaining the high efficiency is a
I*- difficult problem. In addition, using wavelength alone .,.........."

to encode two-dimensional images will severely restrict
the space-bandwidth product of the images that can be
transmitted. One may compromise by transmitting Fig. 1. Transmitting images on a transparency through a
only one dimension in parallel. The most straightfor- single fiber.

40
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OPCLTTR /V.of the position of the scanning grating, the light will be

reflected back to form a white spot at the position of the
light source. To couple the light into a fiber, a beam
splitter is used to tap out the reflected light and directit to the fiber.

6. .,We can take advantage of the fact that the light re-
- , :. "flected off the object always refocuses back at the po-

sition of the source. In many applications, it is not
possible to place a light source near the object to be

imaged. One may transmit the illuminating light
through the fiber from the receiving end. The light is
dispersed at the transmitting side and used to encode
the object. The light reflected by the object is recom-

.: _.. bined and coupled back into the same fiber, as shown
in Fig. 3. The returned light is redispersed at the out-

2. Transmitting images of reflective objects through a put to form the object image. Placing the light source
Fig. 2.Tasitn mgso elcieojcstruha at the receiving end could result in strong reflections off
single fiber with the illuminating source at the transmitting the r-airinterfaces t srply reete op
end. the fiber-air interfaces that sharply reduce the output

image contrast. To eliminate such reflections, the fiber
is bonded to a thick (1.25-cm) beam splitter at the re-
ceiving end and to a glass window at the transmitting

transparency) is coupled into the fiber. This optical end with index-matching optical epoxy. With this ar-
system can therefore achieve the same high efficiency rangement, the reflections from the interfaces are di-
as the simpler one-dimensional system. rected away from the output plane.

The number of resolution elements that can be en- To transmit the image of a distant object, it is not
coded by wavelength is determined by the fiber core possible to synchronize the scanning motors by direct
diameter, the dispersiveness of the gratings, and the hookup. One possible approach that can be employed
focal length of the lenses. For example, with a 1600- to synchronize the scanning motors is to place a small
line/mm grating, visible light (4500 to 6500 A) is dis- mirror at the object plane. The mirror will reflect
persed into an angle of approximately 0.8 rad. If the strongly, creating a reference that can be used for syn-
fiber is multimode, the focused spot at the output plane chronizing the scanners. The strong return may be
corresponds to the image of the fiber core. Assuming used as a trigger for the scanner at the output, or it may
that a one-to-one imaging geometry is used, the angle be used as a point reference for adjusting the scanner
subtended by the output focused spot is then equal to frequency and phase.
DIF, where D is the diameter of the fiber core and F is A better approach is to make use of the second-order
the focal length of the lenses. Thus the number of diffraction of the encoding grating to achieve self-ref-
resolution elements that can be encoded by wavelength erencing. By choosing the appropriate diffraction angle
is approximately 0.8F/D. By using a 55-aum-diameter and geometry, one can make the second-order diffrac-
step-index fiber and 150-mm focal-length f/1.2 lenses, tion propagate back to the source, as illustrated in Fig.
more than 2000 resolution elements can be encoded. 3. This creates a dispersed line that scans across the
By scanning in the y direction over the same angular fiber as the grating rotates and produces a single bright
range, images with 2000 X 2000 pixels can be trans- spot at the output image that can be used to synchronize
mitted. The scan rate of galvanometer scanners is the scanner at the receiving end.
limited to about 500 Hz (i.e.. 1000 frames/sec). The
data-transmission rate of the system is therefore F
equivalent to 4 GHz. The transmission rate can be
further increased by using polygon rotating scanners.
For example, when eight-facet scanners rotating at
75,000 rpm are used, the equivalent data-transmission
rate will be 40 GHz. As a comparison, imaging detec- " -\"

tors, such as charge-coupled-device arrays and vidicons, ;: . - .. .... -"
operate typically around 10 MHz and the frequency . ' Z- -
response of current light modulators is limited to about ,... .

The transmission rate of the proposed system is not -,- .,
seriously affected by temporal dispersion in the fiber - " ' "
since the temporal rate of transmission (corresponding _
to the scanning along the y direction) is only 40 GHz/
2000, or 20 MHz. E: . _ _._

The optical system can also be used to image reflec-
tive objects, as shown in Fig. 2. In the reflection mode. Fig. 3. Transmitting images of reflective objects through a
the same grating is used to disperse and recombine the single fiber with the illuminating source at the receiving
light, reducing the system length by half. Regardless end.

4*1 .. . . . .. . . . . . .
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posure time will be short, an image intensifier will be
necessary to increase the output-image illuminance.
This power-budget problem will ultimately place a limit
on the transmission rate and/or the transmissionU -length.

In our experiments, we first used a 25-m long silica
fiber with a 600-Mm-diameter core and a N.A. of 0.3. In

(a) Fig. 4(a) we show the transmitted image of a transpar-
ency made using the system depicted in Fig. 1; in Fig.- - 4(b) we show the image of a three-dimensional diffused

" object transmitted with the system illustrated in Fig.
L2. The bright spot that appears at the feet of the toy

.. *j~ duck is the point reference created by the second-order
diffraction.

The spectral range occupied by the image field is 5000
to 6000 A. Thus the space-bandwidth product of the

(b) (C) image transmitted is about 100 X 100. This rather
(C) moderate image resolution is due mainly to the large

Fig. 4. Images transmitted through a single fiber. (a) Image fiber-core size. The space-bandwidth products of the
of a transparency transmitted through a fiber with a 600- images transmitted can be significantly increased by
um-diameter core. (b) Image of a diffuse three-dimensional using fibers with smaller core diameters. For example,
object transmitted through a fiber with a 600-Mm-diameter in Fig. 4(c) we show the result obtained with a fiber
core. (c) Image of a transparency transmitted through a fiber having a 200-Mm-diameter core. The space-bandwidth
with a 200-pum-diameter core, product of the image field is approximately 300 X 300.

The images are recorded by pointing the camera directly
at the output grating. The images were bright enough

The image brightness is affected by the numerical to be seen in room light provided that the output optics
aperture, the core size, and the length of the fiber. It were properly shielded.
is also determined by the scan rate and observation The proposed optical system for transmitting two-
time. In order to optimize the system efficiency, lenses dimensional images through a single fiber is expected
1, 4, and 5 of Fig. 1 should be matched to the numerical to be useful for the following applications: (1) Real. '
aperture of the fiber (f/2 lenses for a fiber with N.A. = time remote observation of rapidly changing or short-
0.25), and lenses 2, 3, and 6 should be matched to the lived events. By using a rotating polygon scanner, more
dispersiveness of the grating (f/1.2 lenses for 0.8 rad of than 10,000 frames can be transmitted per second. Just
dispersion). as important, each line is encoded and transmitted in

A 75-W xenon-arc lamp was used in our experiments, less than 50 nsec. Thus objects moving slower than 1
For an all-white input (transmittance = 1), the inten- pixel/50 nsec (1.1 km/sec for a 55-pm pixel) can be re-
sities of the image transmitted through 25 m of fibers solved clearly, albeit with some geometric distortion.
(N.A. = 0.3, attenuation = -20 dB/km) with core di- (2) Remote observation of events in a hostile environ-
ameters of 600 and 200 ,m using the system depicted ment. The electronics in optical modulators and
in Fig. 1 were measured to be about 1 and 0.3 mW/cm 2, imaging detectors are prone to rf interference and ra-
respectively. The measurements were made with the diation damage. The electronics required in the pro-
scanners kept stationary. Two-dimensional images posed system is a low-frequency driving circuit for the
were transmitted by scanning the dispersed light line synchronous motor. It is generally much more resistant -
across the input image. Thus each resolution spot at to interference or damage.
the output appeared for only 1/N of the frame time, We are grateful to Y. Silberberg for many valuable
where N is the number of resolution spots along the discussions and to David Fienup for his contribution of . "

*. -scanned direction. Since the frame time (2 msec) was the toy duck. This research was supported by U.S.
much shorter than the integration time of the eye, the Army Research Office contract DAAG-81-K-0129.
observed image brightness was equal to the image in- * On sabbatical from the Weizmann Institute of
tensity multiplied by the duty cycle, 1/N. The ob- Science, P.O. Box 26, Rehovot, Israel, during 1981-
served brightness of the images transmitted through the 1982.
600- and 200-pm fibers was therefore about 10 and 1 1982.

Mm/c 2 respectively.
We stated earlier that the system is capable of Referencestransmitting images at a rate as high as 40 GHz. "'- t s i m a r a i1. A. A. Friesem and U. Levy. Opt. Lett. 2,133 (1978). L_-

However, to be able to take advantage of this high '2. A. A. Friesem and U. Levy, in Proceedings of the Inter-
transmission rate, one must have the means available national Conference on Lasers 79 (STS, McLean, Va.,
to receive the data. One possibility is to record each 1980), p. 425.
individual frame of the transmitted image on film with :3. S. Case, Progress Rep. to U.S. Army Research Office,
a setup similar to a high-speed camera. Since the ex- contract DAAG29-81-K-0033 (1982).
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Fiber by Wavelength-Time Multiplexing

Published in Applied Optics, Vol.23, page 3826, December 1983

43



R pitdIn i A$pplied Optic!" 104 1 1.. ''tN: I 0tiIi

Two-dimensional image transmission through a single
optical fiber by wavelength-time multiplexing

Anthony M. Tai
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1. Introduction encode the 1-1) image. A second grating or prism is
I mages are generally transmitted through opticalI fi- used to recombine the dispersed light, which is then

* h~ers inl tne of three ways. First. the optical image miav ~~eli~Otefbr tth eevn ndtefbr
he sensed by an imaging detector and the data sent the transmitted light is dispersed again by a third
through anl opltical fiber a p)ixel at a timne by modulating grating. recreating the wavelength-encoded input image.
the intensity of' a light beam. Such at serial image Such a svsteni utilizes the light energy efficiently, and
transmission scheme, however, does not utilize thle there is tio additional light loss beside the usual abl-
channel capacity of' the optical fiber efftic-ienltly S tireliedt imn. andl coupling losses.

Moreoerte lctronics in the imaging detecto Enx Ftend~ing thle wavelength-encoding concept tot two

modulator are highly susceptible tot rfinterference and dimensions while mnaintaining, high efflic-iency is a (lit-
radiation damage. Second. images canl he transmitted ficttlt problem. Ini addition. using- wavelength alone to
in parallel over a short distance using Sellfoc fibers. The encode 2-I) imiages will severely restrict the space-
image qualitv, however, deteriorates rapidly with dis- bandwidth p~roduct itt the images that can bie trans-

tance. Finally, one may t ranismit imgsthrougvh tnmitted. One may compromise by transmittigol n
coheren i iber butnd le. Thle fiber bundle offers parallel dimension in parallel. I'he miost straigh-tf'orward im-

* tmag-e-transinission capalhilit\. but current manufac- plementatin is tot utilize the 1-1) systemi described
* turing technology limits the transmission length to il]% earlier and simply translate the input tibt) o ssth

* a ~few'mtes input p~lane.'- Such an h appro ach i.s iiplc but i tv.

'to utilize more flly1 the channel capacity of optical negating the main advantage offered by p~arallel trans-
fibes, wvelegthencoing as ben uggeted s a mission. Moireomver. 1t is (ten imlpossiblIe to translate
mean it trnsmttin imgesthrugh siglefibr. he object tio be imiaged. Ini this p~aper. we present anl

Such a schemle can p~rovidIe the parallelism of* a Sell' oc efficient system approtach for the high-speed trans-
*fiber or at fibier bundle without the restriction onl the missitn (& 2- [) imiages hv~ wavelength-time en-

fiber length. Implementing wavelength encoding- oig
* ~decoiding is relat ively simple fuOr 1 -1) images. One may rnmssv nu
* disperse the light emitted ~rutm a white-light poiint
* source into a line with a grating ir a p)rism. projecting First, let us assuime that tile i nputt i., inl the ftorm (if at

at difflerent wavelength ()n each pie fteutjc u sparenc. Ieimietrnmtt n smt
h pxelof'th obectto lust rated inl Fig. I. T~hree blazed reflect iton gratings are

mnhte it( ti ne~turs thbat Nkcan vnchriintu.sI\.- The
first grait in ti~ d ir~v! Ow light in thle x directhin,
foiriin" ai lieit the inipt itplane. while thle scainglil
cimtse th linte iitt' a t the1 itiput i ransfiarencv

ftit.m ttih- ipt. tiN .i ii Reva htN i im Attn I . c tli th l it ec It. Ilc eithfg tiig etnlu e
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Fi.1 yse o transmitting images of a transmissive object
through a single optical fiber.

positions of the synchronously scanning gratings. All /
light emitted by the white-light point source (minus, / X

of course, the light absorbed by the input transparency) / /
is coupled into the fiber. This optical system can, /
therefore, achieve the same high efficiency as the sim-
pier 1-D system.

The dispersiveness of a blazed grating is dependent iNCIE4T 9EAF

on the spatial frequency of the grating, the blaze angle,
and the angle of the incident beam. With the geometry kb)

shown in Fig. 2(a), the angle of the diffracted beam is
equal to

:NCIOE4T GEAr

00 = sin-l(gX - sin0i). D.

where g is the grating frequency, X is the wavelength,
and (i is the incident beam angle. (For a given blaze - - - -.-
angle, there are only two possible incident angles thatI- .""

satisfy the condition for high diffraction efficiency.)
Taking the derivative with respect to X, we obtain theD 0:CRACTED SEAM

dispersion of the grating: . .--
dOo g 9

.- (2) (c)

dX [1 - (gX - sinO,) 21t "
2  Fig. 2. Diffraction by a blazed grating: ta) geometry of blazed

* As an example, suppose that we have a blazed grating grating: (bi normal incident beam: (c) oblique incident beam.
with g = 1500 grooves/mm and a blaze angle of 280,
and we want to use it to disperse a beam with a wide
spectral bandwidth centering at 550 nm. The beam can in using a normal incident beam is that the width of the
be launched onto the grating normally or at an angle of iinanm c t beam is tht te wid of the

56* s sownin igs.2(b an (c. Lanchng he eam diffracted beam is compressed instead of expanded as
"560 as shown in Figs. 2(b) and (c). Launching the beam with the case of an oblique incident beam. The demand
normaly results in a dispersion ofn l on the focusing lens is thus reduced.

2.65 X 106 rad/m, III. Space-Bandwidth Product and Image Brightness

d~\ I (g,\ 2j1 2 The number of resolution elements that can be en-
while launching the beam at an angle of 560 produces che fiber ore ditr th e
a dispersion of coded is determined by the fiber core diameter, the

dispersion of the gratings, and the focal length of the
I..- __ = I., X 1116 radm. lenses. For example, with a grating with g grooves/mm.

-? dX 1 - [gX - simn56 0 J2I1' a light beam whose bpectral bandwidth extends from ,

Thus we see that launching the incident beam normally to X., is dispersed into an angle
onto the grating produces a substantially higher dis- = - sin-hg.\1 . :tt
persion. It is for this reason that we choose such a ge- ,-.

ometrv in implementing the image transmission system Focusing with a lens with focal length f, the dispersion
illustrated earlier in Fig. 1. An additional advantage produces a line 2f tan(A#//2) long. If the fiber is mul-
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timode, the focused spot at the output plane corre- tends to exhibit strong modal dispersion which may P
sponds to the image of the fiber core. Assuming that limit the transmission rate. Fortunately, due to the
all the lenses in Fig. I have the same focal length, we parallelism of the transmission system where N pixels
have a one-to-one imaging geometry, and the number are transmitted simultaneously, the temporal rate is
of resolvable spots is equal to fairly low even if the overall system transmission rate

N = 2ftan(./2)D. (4) is extremely high (17 MHz vs 28.9 GHz in our earlier
example).

where D is the diameter of the fiber core. As an ex- To take full advantage of the high transmission rate
ample, if g = 1500 grooves/mm, f = 150 mm, D = 55 Mm, this transmission approach offers, a means must be
, = 450 nm, and X.) = 650 nm, then AO = 0.6 rad and N available to receive the data. One possibility is to rec-

1704. By scanning in they direction over the same ord each individual frame of the transmitted image on
angular range, images with 1700 X 1700 pixels can be film using an arrangement similar to a high-speed
transmitted. camera. The equivalent exposure time is very short,

The scan rate of galvanometer scanners is limited to and an image intensifier may be necessary to increase
-500 Hz (i.e., 1000 frames/sec). The data transmission the output image illuminance. This power budget
rate of the system is, therefore, equivalent to 2.89 GHz. problem may ultimately impose a practical limit on the
The transmission rate can be further increased by using transmission rate and/or transmission length.
polygon rotating scanners. For example, when eight- The amount of energy E that is available for each
facet scanners rotating at 75,000 rpm are used, the pixel of image data is proportional to
equivalent data-transmission rate will be 28.9 GHz. As 1 D2

a comparison, imaging detectors, such as charge-cou- E . (6
pled-device arrays and vidicons, operate typically -10 N2T T
MHz, and the frequency response of current light where T is the frame time. To increase E, one can ei-
modulators is limited to -2 GHz. ther increase the diameter of the fiber core D or decrease "; .

The transmission rate of the proposed system is not T by slowing down the scanning mechanism. The
seriously affected by temporal dispersion in the fiber transmission rate, on the other hand, is equal to
since the temporal rate of transmission (corresponding T
to the scanning along the y direction) is only 28.9 R = N 2T -. (7)
GHz/1700 or 17 MHz. D2

The image brightness is affected by the numerical Thus
aperture, core size, and length of the fiber. It is also E-(
determined by the scan rate and observation time. To E d/R). F
optimize the system efficiency, lenses 1, 4, and 5 of Fig. To increase the amount of light available for image data
1 should be matched to the numerical aperture of the will require a proportional reduction in the transmission
fiber (f/2 lens for a fiber with N.A. = 0.25), and lenses rate.
2, 3, and 6 should be matched to the dispersiveness of In our experiments to demonstrate the image trans-
the gratings (lenses with f/No. smaller than f/1.6 for 0.6 mission system. a 75-W xenon-arc lamp was used as the
rad of dispersion). illuminating source. For an all-white input (trans-

Light sources used for illumination such as arc lamps mission =1 ), the intensities of the image transmitted
are small but nevertheless extended sources. What through 25 m of fibers (N.A. = 0.3, attenuation = -20
appears at the input of the fiber is essentially the image dB/km) with core diameters of 600 and 2 0 0 um using
of the source. In general, the core diameter of the fiber the system depicted in Fig. I were measured to be -1
is much smaller than the source image, and the amount and 0.3 mW/cm 2, respectively. The measurements
of light coupled is proportional to D2, where D is the were made with the scanners kept stationary. Two-
diameter of the fiber core. The space-bandwidth dimensional images were transmittedI by scanning the
product of the image transmitted on the other hand is dispersed light line across the input iiv'ge. Thus each
equal to N2, which is proportional to 1/D2. Thus there resolution spot at the output appeared for only I/N of
is a direct trade-off between the efficiency and space- the frame time. where N is the number of resolution
bandwidth product of the image transmission spots along the scanned direction. Since the frame time
system. (2 msec) was much shorter than the integration time of

The amount of light that can be coupled into a fiber the eye, the observed image brightness was equal to the
is also determined by the cone angle of acceptance or the image intensity multiplied by the duty cycle 1/N. The
numerical aperture of the fiber. The numerical aper- observed brightness of the images transmitted through
ture of a fiber is equal to'0  the 600- and 20 0 -,um fibers was. therefore. -10 and 1

.... [ fladd,
1 ui,/cm-, respectively. We note that at such a bright-

N.A . O ;n-' . ness level and frame time. individual frames my be
recorded with a moderately fast (400 ASA) photo-

= ,n , n 1.11d'MR)l 2 -... , graphic film.

Thus system efficiency is maximized by using a fiber In Fig. :3(a) we show the transmitted image of a
with a large differential between the refractive indices transparency obtained by using the sy stem depicted in
of the core and the cladding. Such a fiber, however, also Fig. 1. The space-bandwidth product of the images
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Fi1Z. 4. Sx~t em t( r transm iting a reflect ive object using the sec-
11(1-o rder d iftractii t,;. generat e the referencing signal.

S ! 5 strongly. creating a reference that can be used for syn-
chronizing the scanners. The strong return may be
uised as a trigger tor the scanner at the output. or it may
be used as a point reference for adjusting the scanner
frequency and phase.

A much better approach, however, is to create a
(b sell-referencing optical signal that can he used for the

Fig.;~. mage .f~ (b)synchronization of the scanners. A novel method of
trnmInij)ctta"mtelthog a~nl generating such a signal is to utilize the second-order

ti her: i a image ot a t ranIparenc\ transmitted tnuha liher with
through diffract ion of the encoding grating. By launching the

tihe wit a 2III~rn iam rc.wideband input beam onto the grating normally and

a• tie witOhOaTE diom c •

choosing an appropriate grating geometry, the sec-
X PH. Tis athr moerae iage ond-order diffraction can be made to propagate directly

transmitted is - MXI.Thsrte odrt mg back toward the source as illustrated in Fig. 4. This
resolution is due mainly to the large fiber-core size. The creates a color dispersed line that is scanned across the
space-bandwidth products of' the images transmitted fiber as the grating rotates and produces a single bright
can be significantly increased by using fibers with Spot at the decoded output. The location of the refer-

* mle cr imees oreapei i. 3b e ence spot can be adjusted by changing the geometry of
show the result obtained with a fiber having a 20O-,um the opltics. A color is chosen for the reference light spot
diam core. The space-bandwidth product of the image so that it appears at the edge of the image field. Since
field is -300 x :800. The images are recorded by the image is color-encoded, this will allow the reference

* pointing the camera directly at the output grating. spot and the target image to be separated using a spec-
*The images are quite b~right. especially when observed tral filter.

by looking directly into the output grating. By -In our experiment. an interference filter was used as
shielding the output optics to prevent spurious light a beam splitter wvhich transmitted the color of the ref-
from being diffracted into the eye. the image can easily erence spt and reflected all other wavelengths. TheFtbe observ'ed in normal room light, reference signial was detected by a lphotodiode. and the

Reflctiv (output puilses were used to triguger a signal generator. In
IV. RelcieInputs Fig. 51a). we show I he po~sit ion output of the scanner

The ouptical system can also be used to image reflec- controller at the transmitting end together with the
tive objects. as shown in Fig. 4. In the reflection mo~de. output of the lphttodetectttr at the receiving side. We
I the same grating is used to disperse andl recombine the see that a synchronous trigger pulse was generated every
light, reducing the system length by half. Regardless time the galvanometer scanned throtugh one cycle. The
oifthe position of the scanning gralii. the light will be output of the lphase-locked signal generator was then
reflected back to form a white spot at the position ot the used to drive the scanner at the receiving end. In Fig.
light source. To couple the light into a fiber, a b)eamn 50 b. we show the position outpuits of the twot scanner
s;)litter is used to tap out the reflected light and direct controllers. The scanners were well svinchronized.
it to the fiber. W~e emp~hasize that, using this technique. the image

."6To transmit the imnage of a distant object. it is not transmission and svnchronizat ion were p~erformed en-
possib~le to synchronize'the scanning motors by direct tirelv by opt ical means with onl\ a single optical fiber
hookup. One possible approach that can be employed connecting the transmitting and receiviged. nFg
to synchronize the scanning motors is to plice a small 6. we shouw the image of a diffuse reflective object
mirror at the object p~lane. The mirror will reflect transmitted with the system depicted in Fig. 4. The

1 December 1983 Vol. 22. No. 23 APPLIED OPTICS 3829

47

:-7°'
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POSITION OUTPUT OF SCANNER
AT TRANSMIETTING END%

Fi 7. T'ransmitting image, of a reflecti .e JhJect through a single
P0SI":ON OUTPUT OF SCANNER liher with the illuminating source at the receiving end.AAAT RECEI VING N

put to form the object image. Placing the light source
at the receiving end could result in strong reflections off

Fig. .yrat the trnsmting and re- the fiber-air interfaces tl'at sharply reduce the output
ceiving ends: ia) oscilloscope traces of the p,.siti.n iutput o the image contrast. To eliminate such reflections, the fiber
scanner at the transmitting end and the output (I the ph,.todetector is bonded to a thick (1.25-cm) beam splitter at the re-
at the receiving end: l h) oscilloscope Iraces of the ;)(.it in outplits of ceiving end and to a glass window at the transmitting

the scanners at the transmitting and receiving ends, end with index-matching optical epoxy. With this ar-
rangement. the reflections from the interfaces are di-
rected away from the output plane.

V. Self-emissive or Naturally Illuminated Inputs
With the previously described systems, the object is

actively illuminated with a wavelength-encoded beam.
The system can also be used to transmit images of-
self-emissive objects by simply removing the light
source and replacing the beam splitter in the system
depicted in Fig. 4 with a mirror. However. the system
is much less efficient when working in this mode. As-
suming that the object is emitting white light, the
amount of light energy transmitted is only 1/N of the
total light energy received by the lens where N is the
number of pixels encoded hy wavelength. Neverthe-
less, if the object is sufficiently bright, the system can
be used to transmit passivelh the object image. For

Fig. t. Imageof a diftuse1) hject transmitted through a fiber with example. in Fig. ,(al. we show the transmitted image of
a )-um tham core. the coil filament if a 25-\ incandescent lamp.

A more efficient techniqtue t transmitting images of'
self-emissive or natturally illuminated objects is to first

fiber has a 6W4)-pm diam core. and the space-bandwidth
product of the image is -100 X 100. Since the object
was diffuse, the transmitted image was dimmer than
that obtained with a transparency as the input. Nev-
ertheless, the image was still bright enough to be ob-
served by looking directly into the output grating.

We can also take advantage of the fact that the light
reflected off the object always refocuses back at the
position of the source. In many applications, it is not
possible to place a light source near the object to be
imaged. One may transmit the illuminating light
through the fiber from the receiving end. The light is o 0
dispersed at the transmitting side and used to encode Fig. ,, Image-I ltanmi--ivi. od imaivehl. illuminated ohjectsthe object. The light reflected by the object is recom- transmitted through a -ingle tiber: iiai the coil t'ilament ot an in-
bined and coupled back into the same fiber, as shown candescent lamp: hi a hmian hand illuminated with a 4i)-W incan-
in Fig. 7. The returned light is redispersed at the out- desc'ent light bulb.
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Fig. 9. System for transmitting images of self-
emissive or passively illuminated object using a SLM

0111JECT to create a secondary image.

create a secondary image which can be actively read out Moreover, the use of a liquid crystal light valve could
and transmitted. For example, the object can be im- hardly qualify the system as being low cost. We are
aged onto a spatial light modulation (SLM) which is currently developing at ERIM a low-cost high-resolu-
read out by the wavelength-encoded beam as shown in tion reflective elastomeric light modulator which may
Fig. 9. The SLM provides a new input whose image can make an image transmission system as depicted in Fig.
be efficiently transmitted through the optical fiber. 9 very competitive for high-resolution image trans- -"

The 1/N factor is avoided, and the system efficiency is mission applications.
greatly enhanced. However, the response time of the
SLM will limit the system transmission rate. Using a VI. Summary
SLM with a cycling rate of 30 frames/sec to transmit High-speed image transmission demands a very high
images with 1700 X 1700 pixels. the effective trans- data transmission rate. Optical fibers offer the neces-
mission rate is only 86.7 MHz. Nevertheless, the sys- sary channel capacity to satisfy the demand. However,
tem still offers the advantages of transmitting images conventional serial transmission techniques are not very
with a large space-bandwidth product at potentially efficient in the utilization of the available channel ca-
lower cost. pacity. With the wavelength-time multiplexing ap-

The space-bandwidth products of images transmit- proach presented in this paper, a large number of pixels
ted by conventional techniques are limited by the (corresponding to the number of resolution spots along
imaging detector. For example, a typical CCD detector one dimension) are transmitted simultaneously in
array is composed of 512 X 512 or fewer detector elements. parallel through the single optical fiber. The channel
A mosaic of detector arrays is used when larger space- capacity of the fiber is, therefore, much more efficiently
bandwidth product is desired. The cost of such a sys- utilized. In addition, conventional optical communi-
tem can be exceedingly high. A SLM, on the other cation schemes require four signal conversion steps.
hand. can provide a space-bandwidth product of 2000 Typically, the original optical input is converted into
X 2000 or better. Since the transmission rate is rela- an electrical signal (via an imaging detector), then into
tively slow, power budget is much less a problem, and an optical signal (via a laser diode) and to an electrical
the optical system can also be made to transmit images signal again (via a photodetector). and finally back to
with 2000 X 2000 pixels or more by using a fiber with a an optical signal (via a CRT). The proposed imaging
smaller fiber core or lenses with longer focal lengths [see transmission approach offers a means to eliminate all
Eq. (4)]. these conversion steps. transmitting the optical input

To demonstrate the system approach, we performed directly through the optical fiber and reproducing the
an experiment using a Hughes liquid crystal light valve image at the receiving end.
as the SLM. In Fig. 8(b), we show the transmitted The proposed optical system for transmitting 2-D

" image of a human hand which was illuminated by a images through a single fiber is expected to be useful for
single 40-W incandescent light bulb. The light valve the following applications: (I) Real-time remote ob-
is capable of resolving 30 lines/mm over a 45-mm diam servation of rapidly changing or short -lived events. By.
working aperture. This would provide a space-band- using a rotating polygon scanner, more than 10.000
width product equivalent to 1200 X 1200 pixels. frames can be transmitted per second..lust asimpor-
However, a fiber with a 200-mm diam core was used in tant, each line is encoded and transmitted in <60 nsec.
the experiment, and the space-bandwidth product of Thus objects moving slower than 1 pixel/60 nsec 10.9
the transmitted image field was only -250 X 250. km/sec for a 55-Mn pixel) can be resolved clearly, albeit
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with some geometric distortion. (2) Remote observa-
tion of events in a hostile environment. The electronics
in optical modulators and imaging detectors are prone
to rf interference and radiation damage. The elec-
tronics required in the proposed system is a low-fre-
quency driving circuit for the synchronous motor. It
is generally much more resistant to interference or
damage. (3) Transmission of high-resolution images. -
The space-bandwidth product of the image that can be
transmitted conventionally is limited by the imaging
detector. To transmit images with much more than 512
X 512 pixels requires costly mosaic arrays. The pro-
posed system approach offers a potentially more eco-
nomical means of detecting and transmitting high-
resolution imageries.
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Y. Silberberg for many valuable discussions, D. Fienup
for his contribution of the toy duck, and J. Cederquist
for lending his hand in the experiment. The research
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Computer-generated holograms for geometric transformations

Jack Cederquist and Anthony M. Tai

Theory and experiments in the area of computer-generated holograms for geometric transformations are
presented. Geometric transform holograms are divided into two categories: (1) those which have a contin-
uous fringe structure, and (2) those which consist of a set of discrete subholograms. Criteria for the realiza-
bility of a continuous geometric transform hologram are described. Examples of both types of hologram are
developed to map rings of different radii to a linear sequence of points. They allow the replacement of a ring
detector by a linear detector array without loss of signal energy and can be applied to optical spectrum analy-
sis and angle-wavelength multiplexing for data transmission through optical fibers.

I. Introduction point along a line (see Fig. 1) has useful applications in
The use of computer-generated holograms (CGHs) the areas of optical fiber data transmission, detection

to perform geometric transformations was first inves- of a spatial frequency spectrum, and confocal Fabry-
tigated by Bryngdahll' 2 nearly ten years ago. There Perot spectrum analysis.
continues to be much interest in and many applications
for optical geometric transformations. Recent work A. Angle-Wavelength Multiplexing in Optical Fibers
includes holographic elements for the redistribution of In angle multiplexing for optical fiber communica- F
illumination, 3 deformable mirrors for distortion corn- tion, narrow input beams at a range of angles are cou-
pensation, 4 and anamorphic optics for map transfor- pled into a multimode step-index fiber.6 At the output,
mation.5  The current capability of producing CGHs each input beam will be converted into a cone of illu-
having large space-bandwidth product using electron- mination (see Fig. 2). If the output light from all the
beam lithography, high-quality CRT displays imaged beams is collimated with a lens, a ring-to-point trans-
onto a translatable photographic plate, or high-resolu- form CGH and lens combinnation can be used to collect
tion rotating drum laser film recorders should stimulate the light in each ring and bring it to focus on a detector
further research. (see Fig. 1). The light efficiency of the demultiplexing

Applications of a ring-to-point geometric transfor- process can, therefore, be very high. .-

mation are described in Sec. II. In Sec. III, the general In wavelength multiplexing 7 beams of different
optical system configuration that utilizes CGHs to wavelengths are coupled into the fiber. At the output
perform geometric transformations is analyzed. Two the light is dispersed by a grating and demultiplexed
types of CGH are defined. Experiments involving each into separate channels. Angle and wavelength multi-
type of CGH are discussed in Sec. IV. plexing can be implemented together using a rings-

II. Applications for Ring-to-Point Transform CGH to-points geometric transform hologram fabricated with
a high carrier frequency. One possible configuration

A CGH which transforms rings to points with the is illustrated in Fig. 3. The input is a 2-D array of
radius of the ring corresponding to the position of the sources such as LEDs or laser diodes. The light sources

along the x direction emit the same wavelength, and the
wavelengths for the different rows of sources are chosen
so that they are recombined by the diffraction grating.
All the light is coupled into the fiber with the light em-
anating from each column of light sources entering the
fiber at a different entrance angle. At the output, the

"_________ geometric transform CGH and the lenses redistribute
The authors are with Environmental Research Institute of Mich- the light from different cone angles into a linear array

igan, P.O. Box 8618, Ann Arbor, Michigan 48107. of points in the x direction, while the carrier frequency
Received 3 February 1984. disperses the light in they direction. The fiber output
0003-6935/84/183099-06$02.00/0. is thus demultiplexed and reformatted into a 2-D array
© 1984 Optical Society of America. of points which are received by a detector array.
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PLAN NAAS Fig. 4. One hologram system for geometric transformation. R

Fig 1. Ring-to-point geometric transformation. Il.

In this section, an optical system used for geometric
transformations is analyzed. A continuous phase CGH

202 is defined, and conditions necessary for its realizability
CA SE u are derived. A discrete phase CGH is also defined, and

the space-bandwidth product requirement of the
20" computer-controlled recording device is determined.

LENS Consider the optical system of Fig. 4 with an input
Fig. 2. Angle multiplexing in optical fibers, light (real-valued) amplitude distribution al(x~v) in the

front focal plane P1 of a lens L. A CGH is also located
L, ..... in plane P and has amplitude transmittance expli-.... I (xy)], where k(xy) is the CGH phase. The output

. A,_ S light (complex-valued) amplitude distribution a2(u ,v)
k , is in the back focal plane P2 of lens L. The relationship

L N . between aI(xy) and a2(u,V) is given approximately by
" -- the Fourier transform:........ If tIC TA

ICA, 11WER O , A SA a2(U,L') a I a(xyv) exp ~i{(x 'V) - L(xu + YL)1

Fig. 3. Angle-wavelength multiplexing for data transmission through x dx dy, (1)
optical fibers, where X is the wavelength, and f is the focal length of

lens L. Following Bryngdahl 1 2 in approximating this
B. Spatial Frequency Spectrum Detection integral by the method of stationary phase, it can be

shown that a point (x,y) in plane P is approximately
One method for detecting spatial-frequency spectra mapped to a point (u,v) in plane P2 , where

is by means of ring and wedge-shaped photodetector
elements to provide integrated spatial frequency and [ O/Ix.,)

orientation information. They are used in automatic f1 [ 2w ax= (2 )
inspection systems for quality control. Their drawback Xf o0(x'v)
is that ring-wedge detectors are expensive, and, because L7 oy
of the large area of each detector element, the response
time is slow. The ring-to-point CGH can be used to A. Continuous Phase CGH
focus the light from a series of concentric rings onto a Equation (2) defines a mapping given the CGH phase
series of small area detector elements, thus replacing the Equatio (2) defines a mapping
ring detector. Linear detector arrays are relatively 4(x,y). For most applications, a mapping
inexpensive and have much faster response. A Ixl t[1 [gxy 1  (
wedge-to-point CGH could similarly be made to replace[ VI - I] (x,)j
the wedge detector. is given, and the problem is to solve

C. Confocal Fabry-Perot Spectrum Analyzer =f a g(.
Defocused confocal Fabry-Perot spectrum analyzers 2w ox

produce an output which is a series of concentric rings, Xf ao N h X' (b)one ring for each wavelength present in the input light. 2-w Ov7 h(~ {

Detection of the spectrum is usually by piezoelectric for (x,y). Ifg(x,y) and h(xv,) have continuous partial
scanning of the mirror separation and use of a single derivatives in a simply connected region R in plane P1,on-axis photodetector. An alternate is to use a CGH Eq. (4) has a solution if and only if 8 '9

and parallel readout of a linear array of detectors.
Light efficiency is higher, no mechanical scanning is OR = ah (.) .
required, and parallel analysis of the entire spectrum dy Ox .

is achieved. This implies via Eq. (4) that
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% In 6) general, the point spread will have characteristic
'y ay dimensions (defined by the half-intensity points)

which is intuitively appealing. X i by._
A large class of functions can be easily defined which A1X Ay

satisfy Eq. (5). Using complex variables, let z = x + iy
and z* = x - iy. If a complex function f(z) is analytic, where p and q are of order unity.

If the transformed region in plane P2 coinsists of an
t i , x eM' X N' rectangular array of point-spread functions, for

fz*) = g(x.y) + ih(x.y) (7) the impulse responses of different CGH regions to be
This theorem is easily proven by noting resolved, the transformed region must occupy an area

that E of dimensions M'p\flAx X N'qXflAy. Therefore, even

without including a carrier frequency to prevent overlap
(iz) = g(x,-y) + ih(x,-y) (8) between the zero and first diffracted orders, the CGH

must contain spatial frequencies at least up to Mp/2Axand using the Cauchy-Riemann conditions' ° to give and N'q//2Ay in the x and y directions, respectively.
ag(x.-y) -dh(x.-y) The space-bandwidth product of a CGH which per-

ay ax (9) forms a geometric transformation of an M X N array to
which is equivalent to Eq. (5). an M' X N' array is, therefore, MM'p12 X NN'q/2. For

Other classes of functions satisfying Eq. (5) also exist, the simple case where M = M' = N = N', the transfor-
It is very important to note, however, that the promising mation of N2 regions requires a CGH with a space-
mathematical development of Eqs. (2)-(7) is valid only bandwidth product of order N 4 (see Ref. 13). This
within the approximation of the method of stationary implies a severe limit on the number N achievable with
phase. existing recording devices.

B. Discrete Phase CGH IV. Experiment
If a mapping given by Eq. (3) is required but g(xy) One continuous and one discrete CGH were made

and h(x,y) do not satisfy Eq. (5), a continuous-phase using a rotating drum laser beam recorder. The CGH
CGH is not possible. One solution is to subdivide the phases were encoded as the amplitude transmittance
CGH into subholograms. 3. H.12 For example, the total t(xy) of the hologram with
area might be divided into an M X N rectangular array t(x,v) = kI + k 2 cos[O(x,y) + ax + Oyl, (13)
of regions R,,,, each of size Ax X Ay. Let the coordi-
nates of the center of region Rm,, be (xm,y,). Then where k 1 and k._) are constants, and a and 3 are spatial
define carrier frequencies. The CGH has a space-bandwidth

X )( product (SBWP) of 2048 X 2048 and 256 grey levels.
2X ~y) =i g(x-~Yn)X + h (xmOYny (10) The SBWP can be increased at the expense of greater
for Icomputing time. The constants were approximately

Since ki = 0.5 and k2 = 0.4. Film nonlinearity was minimized ii"
by introducing a reciprocal nonlinearity in the digital

f g(xy) a data using calibration data and carefully controlling the
2r Ox film development process. The resulting absorption . -

= ax,,,,y ). hologram is copied onto a dichromated gelatin plate to
2fo = h(x,,), (lib) produce a high-efficiency phase hologram. This final

hologram is termed a COHOE (computer originatedthis CGH will map all the points in region Rm, to a holographic optical element). 1 4

point-spread function centered at the point

.,= lg(xmv.y),hlx,,). ( 12) A. Discrete Phase CGH

This is the desired geometric transformation in discrete The transformation chosen was
form. Division into regions other than rectangles is lxi lul = . °-%,

possible. An example is given in Sec. IV. [ [f (14)

The point-spread functioninplanePofeachregion This corresponds to mapping rings in the x-y plane to
is points along the v axis in the uv plane. Applications

W f(u-umn)AX IL,- v,,),..y1 for this CGH were described in Sec. II. Clearly, the ... ,:-

jx\ xJ transformation does not satisfy Eq. (5). The hologram
where W(u,v) is the Fourier transform of the envelope was, therefore, divided into N concentric rings of av-of the amplitude transmittance of the region. For erage radius r. and width A~r with .- ,-

rectangular regions without weighting, the point-spread Mix,yI = 2rr~x,\/" 15)
function is -

sinC [(u -u)Ax (V- Vmn)Av . Figure 5(a) shows a portion of the discrete CGH.
X l All Phase discontinuities can be seen at the ring boundaries.
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Fig. 6. Two hologram system for geometric transformation.

(a

(b ) ' 11 ,',J .r~ t [so l t _ ."" (b")

', r'rst l points.

Fig. 5. Ring-to-point transform using discrete phase CGH: (a)
portion of CGH: Nb all output points; (c) first eleven points.

Fig. 7. Input light distributions: (a) uniform circular input: (b)
(The grey scale of the fringes is not observable because input with opaque ring.of the high-contrast recording used in the reproduction
process.) Figures 5(b) and (c) show the transformed
output light distribution for a uniform input and N = systems employing two or more holograms. A possible
30. Figure 5(b) is a photograph of the thirty output two-hologram system is given in Fig. 6. As for the sys-
points. The variation in output point intensities is due tem of Fig. 4, a CGH H1 in plane P1 and a Fourierto the different areas of the rings. The significant transform lens L produce a transformed output in plane

sidelobe structures are essentially the impulse responses P2. A second hologram H2 (which may be computer-
of ring-shaped apertures of varying radii. Figure 5(c) generated) in plane P2 produces a second transforma-
is an isometric plot of the points corresponding to the tion in plane P3. A lens can be used to Fourier trans-
innermost eleven rings. For uniform illumination, the form or image between planes m and P:a if desired.
peak amplitudes of the output points are proportional A circle-to-point transform may be accomplished -

to the areas of the corresponding rings. The ring areas w
range from r(Ar) 2 to (2N - 1)ir(Ar)2 . Thedynamic = xonz,wherexoisarealconstantwithunitsoflength.
range of the peak intensity of the output points is, The mapping is
therefore, -4N 2 . [Thus the number of points that [X11 [x21= [x, ln(xi +)i) (16)
could be accurately represented in Fig. 5(c) was limited ,'I 1>1 l-xn tan-q(y/x)J (16)
by the TV camera used to acquire the data.] In most and Eq. (5) is satisfied. Solving Eq. (4) gives
applications, the input light intensity will decrease with
increasing radius, so the dynamic range of the output 0(x1 1 )- [x iln(x + ..- y, tan-y/x1 ) -. ii. (17) 11/-I
will not be extreme. Xf

This continuous phase CGH will map circles of radius
B. Continuous Phase CGH r in the x1y plane to lines X2 = Xo lnr in the x,._, plane.

Transformations which do not satisfy Eq. (5) are not It should be noted that CGH H, is useful for scale and r
realizable with the optical system of Fig. 4, which uses rotation invariant pattern recognition.'5-.6 However,
a single holographic element. However, some of these this application will not be considered here. The sec-
transformations may be implemented with optical ond hologram H 2 will transform lines x,2 = constant to
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points in plane P3. It can be interferometrically re-
corded using the wave front produced by uniform illu-

x2 mination of H1 and a wave front diverging from a line
focus at plane P3. The resulting system requires one
more component-the hologram H2-than the ring-

C to-point system of Sec. IV.B but uses continuous phase
CGHs and, therefore, should be capable of transforming
inputs with much higher space-bandwidth product.

CGH H1 was fabricated and tested using the input
light distributions of Fig. 7. A portion of the continuous W
CGH is shown in Fig. 8(a). For the uniform circular
input of Fig. 7(a), a photograph of the output light dis-
tribution in plane P2 is inset in Fig. 6. Figures 8(b)-(e)'2 show the intensity profile along the x2 axis. The input
intensity was varied to show different intensity regions
relative to TV camera saturation. For an input with an

D opaque ring [Fig. 7(b)), the output intensity profile is
shown in Fig. 8(f). The intensity profile has a high
dynamic range and saturates the TV camera, except at

. the location corresponding to the opaque ring in the
input. The demonstrates that rings are indeed trans-
formed to lines.

Hologram H2 is a conventional hologram and was
X fabricated interferometrically. For the uniform input

of Fig. 7(a), the output light distribution in plane P 3 isshown in Fig. 9(a) and an isometric plot in Fig. 9(b).
E For the input with an opaque ring [Fig. 7(b)], the output

photograph and corresponding isometric plot are shown
in Figs. 10(a) and (b). Clearly, the two hologram system
collects light from an input ring to a single point with

I the location of the point determined by the radius of the
ring. The continuous nature of this transform as shown
in Fig. 9(a) can be compared with the discrete transform
of Fig. 5(b).

V. Conclusion

Fig. 8. Ring-to-line transform using continuous phase CGH: (a) To design a system which uses CGHs to perform a r
Portion of CGH; I b)-(e) output intensity profiles for different input geometric transformation, the continuous-phase CGH,

light levels for input of Fig. 7(a); (f) intensity profile for input of should be considered first. Although only applicable
Fig. 7(b. to mappings satisfying Eq. (5), it has the advantage of
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Both continuous and discrete CGHs for transforming
rings to points have been fabricated and are suitable for
applications in several areas including angle-wavelength
multiplexing for optical fiber communication. Given
the increased availability of large space-bandwidth
recorders, significant work in CGHs for geometric
transformations can be expected. In particular, the
performance and flexibility of both one and two holo-
gram systems deserve continued investigation.

(a)

This work was supported in part by the U.S. Army

Research Office under contract DAAG29-81-K0129.

(b)

Fig. 9. Ring-to-point transform using two hologram system with
uniform input [Fig. 7(a)]: (a) output photograph; (b) isometric

plot.
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